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Introduction 

Today's rapidly-advancing technology requires a wide spectrum of power 
sources and energy-storage devices. In many applications, the power sources are 
required to have a minimum size or weight per unit of power or energy. These re- 
lquirements have motivated a great deal of the recent work on high-specific-energy 
(watt-hr/lb) and high-specific-power (watt/lb) secondary cells. The maximization 
of the specific energy requires that reactants of low equivalent weight and high 
free energy of reaction be used. 
with aqueous electrolytes, zinc and cadmium have served as anode materials while 
nickel oxide, silver oxide, and oxygen (or air) have served as cathode materials. 
The elimination of water from the electrolyte permits more reactive metals such as 
calcium and the alkali metals to be considered as anode materials. Lithium has a 
very low equivalent weight and low electronegativity, making it particularly attrac- 
tive as an anode material for high specific energy cells. 
materials have been used in combination with nonaqueous electrolytes and lithium 
anodes, depending on the operating temperature and the electrolyte. 

Lithium-anode cells designed for operation at room temperature use non- 
aqueous electrolytes comprised of solutions of inorganic salts such as Li PF4 or 
LiC104 dissolved in organic solvents such as propylene carbonate or dimet$j sulf- 

though these cells have the potentiality of supplying over 100 watt-hr/lb at low 
discharge rates, their specific power is low (2-20 watt/lb) ,Is3 limiting their 
range of applicability. 
lytes is low because of the low conductivity of the electrolyte (% 10-2 ohm-l cm-l). 

(1-4 ohm-l cm-l) thus allowing specific powers in excess of 100 watt/lb to be 
achieved.4-8 
lytes require elevated operating temperatures (26O-65O0C). , A number of secondary 
cells with fused-salt electrolytes have been investigated, including sodium/bismuth, 
lithium/chlorine ,'*' lithium/tell~rium,~-~ and lithium/selenium,10 all using free 
liquid electrolytes. 

A general indication of the theoretical maximum specific energies of some 
couples suitable for use with fused-salt electrolytes is given in Figure 1, where 
the specific energy (as calculated from the equivalent weight of the cell products 
indicated and the average emf of the couple) is plotted against the equivalent 
weight of the active material. Usually, the higher specific energy materials are 
more difficult to handle from a corrosion viewpoint. 

For high specific energy (> 50 watt-hr/lb) cells 

1 ~ 3  

A number of cathode 

oxide; the cathodes are usually metal halides such as NiF4, CuF2 or CuC1. Al- 

The specific power for cells with organic-solvent electro- 

The use of fused-salts as electrolytes provides very high conductivities 

Because of their relatively high melting points, fused-salt electro- 

9 

, .  A great deal of design flexibility and compactness can be gained by immo- 
bilizing the fused-salt electrolyte either in an absorbent matrix or in the form of 
a rigid paste.ll-l3 
anodes, liquid bismuth or tellurium cathodes and fused-lithium-halide electrolytes 
immobilized as a rigid paste, operating at temperatures in the range 380 to 485°C. 

Experimental 

2 and 3. 
the electrode compartments were 3.2 mm deep, and had 4 concentric fins which 

This work deals with secondary cells having liquid lithium 
iJ 
i 

Typical lithiudbismuth and lithium/tellurium cells are shown in Figures 
' The cell housing in Figure 2 was made from Type 316 stainless steel; 
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2 se rved  as  c u r r e n t  c o l l e c t o r s .  , T h e  exposed e l e c t r o l y t e  area was 1 .98  c m  , 
and the  p a s t e  e l e c t r o l y t e  t h i c k n e s s  was 0.34 c m .  P r i o r  , to assembly,  t h e  
anode compartment w a s  loaded w i t h  0.064 gm of l i t h i u m  (Foote  Minera l  Co., 
0.003 % Na, 0.003% K ,  0.003% N 2 ,  0.003% C12, s u r f a c e  oxide  removed), hea ted  
t o  530°C t o  ensure  good w e t t i n g  of  t h e  c u r r e n t  c o l l e c t o r .  The cathode com- 
par tment  conta ined  2.764 gm of  bismuth (United Minera l  and Chemical Corp., 
99.999% minimum p u r i t y ) .  These amounts of r e a c t a n t s  correspond t o  a cathode- 
a l l o y  composi t ion of  41  a / o  L i  i n  B i  a t  complete d i s c h a r g e ,  and a c e l l  c a p a c i t y  
of  0.25 amp-hr. The c e l l  was prepared and assembled under a h igh-pur i ty  helium 
atmosphere.14 
vided a l e a k - t i g h t  seal  a g a i n s t  t h e  c e l l  housing.  

c o n s i s t i n g  of s h e e t s  of  s i n t e r e d  porous s t a i n l e s s  steel i n  t h e  anode compart- 
ment, and a network of  p u r e - i r o n  wires  i n  t h e  ca thode  compartment i n  p l a c e  of 
t h e  meshes shown i n  F i g u r e  3 .  The exposed e l e c t r o l y t e  a r e a  was 3.25 cm2; t h e  
e l e c t r o l y t e  t h i c k n e s s  was 0.32 c m .  The c e l l  compartments were loaded wi th  0.75 
pm o f  l i t h i u m  and 5.45 gm of t e l l u r i u m ,  (American Smelt ing and Ref in ing  Co., 
99.999% minimum p u r i t y )  cor responding  t o  71.6 a / o  L i  i n  Te a t  complete d ischarge .  

The e l e c t r o l y t e  was t h e  t e r n a r y  e u t e c t i c  composed of 11.7 m/o LiF - 
2 9 . 1  m/o L i C l  - 59.2  m/o L i I ,  which m e l t s  a t  340.9'C and has  a s e c i f i c  con- 
duc tance  of 2 .3  ohm-l cm-l a t  375'C and 3.0 ohm-l cm-l a t  475"C.p5 The e u t e c t i c  
w a s  p repared  from weighed amounts of t h e  p u r e  s a l t s :  L iF ,  L i C 1 ,  and L i I  a l l  
s u p p l i e d  by Anderson P h y s i c s  L a b o r a t o r i e s ,  I n c .  A f t e r  t h e  components were melted 
t o g e t h e r  t o  form t h e  e u t e c t i c ,  t h e  e l e c t r o l y t e  was s o l i d i f i e d ,  p u l v e r i z e d  t o  -300 
mesh, and mixed (50 w/o) w i t h  an i n e r t  f i l l e r . m a t e r i a 1 .  The e l e c t r o l y t e - f i l l e r  
powder mixture  was t h e n  molded i n t o  d i s c s .  For t h e  L i / B i  c e l l ,  d i s c s  1 .85 cm i n  
d i a .  were prepared by p r e s s i n g , t h e  e l e c t r o l y t e - f i l l e r  powder f i r s t  a t  room t e m -  
p e r a t u r e  t o  form "cold-pressed"  d i s c s ,  and t h e n  a t  400°C f o r  f i n a l  d e n s i f i c a t i o n .  
A l l  o p e r a t i o n s  except  f o r  t h e  ho t -press ing  were c a r r i e d  o u t  i n  a pure hel ium at- 
mosphere. For t h e  Li /Te c e l l ,  d i s c s  2.5 cm i n  d i a .  were pressed  a t  room tempera- 
t u r e  and s i n t e r e d  a t  4OO0C wi thout  p r e s s i n g ,  e l i m i n a t i n g  a l l  exposure t o  a i r .  

The p a s t e  e l e c t r o l y t e  h a s  a cont inuous  phase of fused- l i th ium-hal ide  

No g a s k e t s  were used;  t h e  smooth-surfaced e l e c t r o l y t e  d i s c  pro- 

The lithiiim!tel I.urium c.el1.; macle of pure i r o n ,  had c u r r e n t  c o l l e c t o r s  

e u t e c t i c  a t  the  c e l l  o p e r a t i n g  tempera ture .  The r e l a t i v e  amounts of f i n e l y -  
d i v i d e d  i n e r t  f i l l e r  and l i t h i u m  h a l i d e  a r e  chosen such t h a t  t h e  e l e c t r o l y t e  f i l l s  
t h e  i n t e r s t i t i a l  s p a c e s  among t h e  very small f i l l e r  p a r t i c l e s ,  and holds  t h e  p a s t e  
f i r m l y  by means of i t s  h i g h  s u r f a c e  t e n s i o n ,  low c o n t a c t  a n g l e  wi th  t h e  f i l l e r ,  
and the  small pore s i z e  o f  t h e  compact. S i m i l a r  p a s t e  e l e c t r o l y t e s  have been uspd 
w i t h  s u c c e s s  i n  molten-carbonate  f u e l  ~ e l l s , . l l - ~ ~  

c o n s t a n t - c u r r e n t  DC power s u p p l y ,  p r e c i s i o n  v o l t m e t e r s  and ammeters (1 /4  p e r c e n t ) ,  
and a s t r i p - c h a r t  r e c o r d e r .  The v o l t a g e - c u r r e n t  d e n s i t y  curves  f o r  t h e  d ischarge  
mode of o p e r a t i o n  were measured s t a r t i n g  w i t h  t h e  c e l l  i n  t h e  fu l ly-charged  con- 
d i t i o n ;  t h e  curves f o r  t h e  charge  mode o f  o p e r a t i o n  were u s u a l l y  measured from 
t h e  fill ly-discharged c n n d i  t inn.  A 1  1 resiil ts Are reported nn II res i s tance- inc luded  
b a s i s .  
furnace .  

R e s u l t s  and Discussion 

The measurements of c e l l  performance were c a r r i e d  o u t  w i t h  t h e  a i d  of a 

The c e l l s  w e r e  h e l d  a t  o p e r a t i n g  tempera ture  i n  an e l e c t r i c a l l y - h e a t e d  tube 

The v o l t a g e - c u r r e n t  d e n s i t y  c u r v e s  f o r  t h e  L i / B i  c e l l  o p e r a t i n g  a t  380". 
453', and 485'C a r e  shown i n  F i g u r e  4 .  As might be expec ted ,  t h e  h i g h e s t  per for -  
mance i n  h n t h  charge  and d i s c h a r g e  modes was o b t a i n e d  a t  t h e  h i g h e s t  temperature .  
Current  d e n s i t i e s  up t o  2 . 2  amp/cm2 were o b t a i n e d ,  based on t h e  e f f e c t i v e  e l e c -  
t r o d e  a r e a  of 1 cm2 ( t h e  e l e c t r o d e  compartments were o n l y  about  h a l f - f i l l e d  with 
a c t i v e  m a t e r i a l s  d u r i n g  t h e s e  exper iments ) .  
che d ischarge  e x p e r i m e n t s  averaged about  5 a / o  L i , -  t h e s e  performances a r e  t y p i c a l  
o f  those  o b t a i n a b l e  n e a r  t h e  beginning of  t h e  p l a t e a u  of t h e  corresponding vol tage-  

S i n c e , & h e  ca thode  composi t ion dur ing  
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t i m e  curves  a t  c o n s t a n t  c u r r e n t  d i scharge .  
was 0.57 watt/cm2 a t  0.6 v o l t .  

The s l o p e s  of t h e  charge and d i s c h a r g e  curves  i n  F igure  4 are d i f f e r e n t  
because of t h e  d i f f e r e n c e  i n  s t a t e  of charge f o r  t h e  two modes of o p e r a t i o n .  The 
i n t e r n a l  r e s i s t a n c e  of t h e  c e l l  is expected t o  be  lower f o r  t h e  d i s c h a r g e  curves  
because most of the  o r i g i n a l  amount of l i t h i u m  was s t i l l  i n  t h e  anode compartment 
when t h e  d ischarge  d a t a  were taken .  
a lmost  no l i t h i u m  was p r e s e n t  i n  t h e  l i t h i u m  compartment, r e s u l t i n g  i n  a r e l a t i v e l y  
h igh  i n t e r n a l  r e s i s t a n c e .  When charge and d i s c h a r g e  curves  a r e  t a k e n  under  i d e n t i -  
c a l  c o n d i t i o n s ,  t h e  curves  have t h e  same s l o p e .  
a t  high c u r r e n t  d e n s i t i e s  was 0.45 ohm a t  485"C, compared t o  a v a l u e  of 0.23 ohm 
c a l c u l a t e d  from the  s p e c i f i c  conductance of t h e  e l e c t r o l y t e  and a pas t e - to -pure  
e l e c t r o l y t e  r e s i s t i v i t y  r a t i o  of 2.11,13 
presence  of  some Li20 r e s u l t i n g  from h y d r o l y s i s  of t h e  l i t h i u m  h a l i d e s  d u r i n g  hot-  
p r e s s i n g  OK incomplete w e t t i n g  of t h e  p a s t e  by L i .  

of F igure  4 ,  i t  is c l e a r  t h a t  t h e  c e l l  can be  f u l l y  charged from complete d i s -  
charge i n  about 15 minutes .  

The performance c h a r a c t e r i s t i c s  of t h e  ( l a r g e r )  L i / T e  c e l l  o p e r a t i n g  a t  
475°C a r e  shown i n  F igure  5 .  
of F o s t e r  and L i d 7  and e a r l i e r  exper ience  w i t h  L i / T e   cell^,^-^ t h e  open c i r c u i t  
v o l t a g e  was 1 . 7  t o  1 . 8  v o l t s ,  and t h e  v o l t a g e - c u r r e n t  d e n s i t y  curves  were s t r a i g h t  
l i n e s ,  i n d i c a t i n g  t h e  absence of  any s i g n i f i c a n t  c o n c e n t r a t i o n  o r  a c t i v a t i o n  over- 
v o l t a g e s .  
d e n s i t y  was 1 watt/cm2 a t  0.9 v o l t ,  a c o n s i d e r a b l e  improvement i n  power d e n s i t y  
over  t h e  L i / B i  c e l l .  

The maximum power d e n s i t y  a t  485OC 

During t h e  charging exper iments ,  however, 

The i n t e r n a l  r e s i s t a n c e  of  t h e  c e l l  

T h i s  d i screpancy  could be caused by t h e  

From t h e  reasonably  h igh  c u r r e n t  d e n s i t y  c a p a b i l i t i e s  of t h e  L i / B i  c e l l  

A s  expected on t h e  b a s i s  of t h e  emf measurements 

The s h o r t - c i r c u i t  c u r r e n t  d e n s i t y  was 2.2 amp/cm2, and t h e  maximum power 

The i n t e r n a l  r e s i s t a n c e  of t h e  L i / T e  c e l l  dur ing  d i s c h a r g e  was 0.24 ohm, 
compared t o  0.065 ohm c a l c u l a t e d  from t h e  e l e c t r o l y t e  c o n d u c t i v i t y  and a p a s t e -  
to-pure e l e c t r o l y t e  r e s i s t i v i t y  r a t i o  of 2. The r a t i o  of obse rved- to -ca l cu la t ed  
c e l l  r e s i s t a n c e s  is  h i g h e r  f o r  t h e  Li/Te c e l l  than for t h e  L i / B i  c e l l ,  p o s s i b l y  
because of t h e  f a c t  t h a t  t h e  p a s t e  e l e c t r o l y t e  d i s c  f o r  t h e  L i / T e  c e l l  w a s  no t  
ho t -pressed ,  and t h e r e f o r e  p robab ly  conta ined  voids  which i n c r e a s e d  t h e  r e s i s t i v -  
i t y  of t h e  p a s t e .  

from complete d ischarge  i n  less than  h a l f  an hour .  This  is a much h i g h e r  charge 
r a t e  than  can be 'used  w i t h  secondary c e l l s  having aqueous e l e c t r o l y t e s  o r  c e l l s  
w i t h  nonaqueous organic  s o l v e n t  e l e c t r o l y t e s .  

Extensive i n v e s t i g a t i o n s  of c o n s t a n t - c u r r e n t  charge  and d i s c h a r g e  char-  
a c t e r i s t i c s ,  charge r e t e n t i o n ,  and c y c l e  l i f e  s t i l l  remain t o  be done. The d a t a  
presented  above were i n t e r e s t i n g  enough, however, t h a t  some p r e l i m i n a r y  d e s i g n  
c a l c u l a t i o n s  have been performed,  based upon t h e  vo l t age -cu r ren t  d e n s i t y  curves  
of F i g u r e s  4 and 5. 

of secondary b a t t e r i e s  have a l r e a d y  been d iscussed  e l sewhere4 ,  t h e r e f o r e ,  no de- 
t a i l e d  e x p l a n a t i o n s  w i l l  be g iven  h e r e .  
a p p l i c a t i o n s  i s  b a t t e r y  weight ;  t h e r e f o r e ,  t h e  energy and power v a l u e s  a r e  ex- 
pressed  per  u n i t  weight a s  s p e c i f i c  energy ( w a t t - h r / l b )  and s p e c i f i c  power 
( w a t t / l b ) .  The c a l c u l a t i o n  of b a t t e r y  weight  involves  t h e  s e l e c t i o n  of t h e  
r a t i o  of r e a c t a n t  weights ,  and t h e  c a l c u l a t i o n  of t h e  we igh t s  of r e a c t a n t s ,  
e l e c t r o l y t e ,  c e l l  housing,  t e r m i n a l s ,  e t c .  r e q u i r e d ,  p e r  u n i t  of a c t i v e  c e l l  
a r e a .  
curve  and the  b a t t e r y  weight per  u n i t  a c t i v e  a r e a .  
t e d  from t h e  average c e l l  o p e r a t i n g  v o l t a g e ,  t h e  amount of l i t h i u m  per u n i t  of 
a c t i v e  c e l l  a r e a  and t h e  b a t t e r y  weight  p e r  u n i t  of a c t i v e  a rea .4  
used i n  t h e s e  c a l c u l a t i o n s  a r e  summarized i n  Table  I. 

The Li/Te c e l l ,  w i t h  a c a p a c i t y  of 2 .91  amp-hr could be f u l l y  charged 

, 

The p r i n c i p l e s ,  e q u a t i o n s ,  and sample c a l c u l a t i o n s  involved i n  t h e  des ign  

The most impor tan t  parameter  i n  many 

The s p e c i f i c  power a v a i l a b l e  is c a l c u l a t e d  from t h e  c u r r e n t  d e n s i t y - v o l t a g e  
The s p e c i f i c  ene rgy  i s  c a l c u l a -  

The v a l u e s  
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The r e s u l t s  of t h e  d e s i g n  c a l c u l a t i o n s  f o r  L i / B i  and Li /Te secondary 

b a t t e r i e s  a r e  shown i n  F i g u r e  6 .  Because of t h e  lower e q u i v a l e n t  weight  and 
h i g h e r  e l e c t r o n e g a t i v i t y ,  t h e  Li /Te c e l l  has  h i g h e r  s p e c i f i c  energy  and s p e c i f i c  
power c a p a b i l i t i e s  than  t h e  L i / B i  c e l l .  A s  a n  example, F i g u r e  6 shows t h a t  f o r  
t h e  30-minute-discharge ra te ,  a L i / B i  c e l l  having 3 c e l l s  p e r  i n c h  and an elec- 
t r o l y t e  t h i c k n e s s  of 0 .32 c m  h a s  a s p e c i f i c  power of  43  w a t t / l b  and a s p e c i f i c  
energy of 21 w a t t - h r / l b ,  whereas  t h e  Li /Te  c e l l  of similar dimensions can a t t a i n  
110 w a t t / l b  and 55 w a t t - h r / l b .  The des ign  a n a l y s i s  r e s u l t s  p r e s e n t e d  i n  F i g u r e  
6 a l s o  i n d i c a t e  t h a t  i f  t h e  e l e c t r o l y t e  t h i c k n e s s  i s  decreased  t o  0 .1  c m ,  i t  i s  
p o s s i b l e  t o  achieve  90 w a t t / l b  and 45 w a t t - h r / l b  f o r  t h e  L i / B i  c e l l  and 200 
w a t t / l b  and 110 w a t t - h r / l b  f o r  t h e  Li /Te  c e l l .  The performances of some o t h e r  
types  of secondary b a t t e r i e s  i n c l u d i n g  lead-ac id ,  nickel /cadmium, s o d i u m / s u l f u r ,  
and I i t h i u m l c h l n r i n e  ere presented i n  Figure 6 f o r  comparison. 

f h e  Li /Te c e l l  i n c l u d e  s p a c e  power s o u r c e s ,  m i l i t a r y  communications power s o u r c e s ,  
m i l i t a r y  v e h i c l e  p r o p u l s i o n ,  and perhaps  s p e c i a l  commercial v e h i c l e  propuls ion .  

The a r e a s  which d e s e r v e  f u r t h e r  a t t e n t i o n  i n  t h e  development of L i / B i  
and Li/Te c e l l s  i n c l u d e  t h e  o p t i m i z a t i o n  of p a s t e  e l e c t r o l y t e  p r o p e r t i e s  (par-  
t i c u l a r l y  t h e  r e s i s t i v i t y ) ,  c u r r e n t  c o l l e c t i o n ,  c o r r o s i o n ,  c y c l e  l i f e ,  and thermal  
c y c l i n g .  

Conclusions 

P o s s i b l e  a p p l i c a t i o n s  f o r  secondary ce l l s  w i t h  t h e  c h a r a c t e r i s t i c s  of 

1. It  i s  p o s s i b l e  t o  form a c c e p t a b l e  p a s t e  e l e c t r o l y t e s  from fused-  
l i t h i u m  h a l i d e s  and i n e r t  f i l l e r  m a t e r i a l s .  The p a s t e  e l e c t r o l y t e s  p r e s e n t l y  
show two t o  t h r e e  times t h e  expec ted  e l e c t r o l y t i c  r e s i s t i v i t i e s .  

h a l i d e  s a s t e  e l e c t r o l y t e s  can  o p e r a t e  a t  power d e n s i t i e s  of 0.57 and 1 . 0  
wat t /cm , r e s p e c t i v e l y  a t  about  4 8 O o C .  

making t h e m  p o s s i b l e  c a n d i d a t e s  f o r  many a p p l i c a t i o n s  where f a s t  recharge  is  i m -  
p o r t a n t .  

2 .  Li thium/bismuth and l i t h i u m / t e l l u r i u m  ce l l s  o p e r a t i n g  w i t h  l i t h i u m  

1 

3 .  These c e l l s  can b e  charged a t  v e r y  h igh  r a t e s  ( l e s s  than  30 m i n u t e s ) ,  

4 .  Design c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  L i / T e  c e l l  w i t h  p a s t e  e l e c t r o -  
l y t e  can be expected t o  show a s p e c i f i c  power i n  e x c e s s  of 360 w a t t / l b  and a 
s p e c i f i c  energy  of  80 w a t t - h r / l b ,  sugges t ing  many p o s s i b l e  a p p l i c a t i o n s ,  i n c l u d i n g  
s p e c i a l  v e h i c l e  p r o p u l s i o n  and energy s t o r a g e .  
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Table I 

Data f o r  B a t t e r y  Design C a l c u l a t i o n s  

Li!Ri Li/Te 

Open-circui t  v o l t a g e ,  v o l t s  

S h o r t - c i r c u i t  c u r r e n t  d e n s i t y ,  amp/cm 
2 

f o r  e l e c t r o l y t e  t h i c k n e s s  0 . 3  cm 

f o r  e l e c t r o l y t e  t h i c k n e s s  0 . 1  cm 

Cathode a l l a y ,  f u l l y  d ischarged  

3 
composi t ion,  a / o  L i  

dens i ty ,  g/cm 

3 Anode meta l  d e n s i t y ,  g /cm,  

Curren t  e f f i c i e n c y ,  % 

C e l l  p a r t i t i o n  t h i c k n e s s ,  cm/cel l  

Densi ty  o f  housing m a t e r i a l ,  g/cm 

Densi ty  of  p a s t e  e l e c t r o l y t e ,  g/cm 

Weight a l lowance f o r  f raming ,  t e r m i n a l s ,  

3 

3 

e t c .  2 ( e l e c t r o l y t e  + p a r t i t i o n  weight )  

0.8 1 . 7  

1.8 2 . 2  

6 . 1  7.0 

70 60 

4 . 4  3.3  

0.53 0 .53  

100 100 

0 . 1  0 . 1  

7.8 7.8 

3.0 3.0 

50 50 , 
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IV IV- 
Equivalent Weight, gr/ Equivalent 

IV 

Fig .  1. Relationship between theoretical  specific 
energy  and equivalent weight 

F ig .  2. View of lithium-bismuth-cell pa r t s .  Enough c e l l  p a r t s  
to make  a two-cell ba t te ry  a r e  shown. 
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Fig .  3a .  View of assembled  l i thium-tellurium ce l l  

F i g .  3b. View of l i thium-tellurium-cell  pa r t s  
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SOYO FILLER,HQT PRESS 

1 

I I I I 

- LI/ L M L i  in  Te (I) 
ANODE AREA 325 CM' - 

INTERELECTRODE 

CAPACITY 291 AH 

PASTE ELECTROLYTE 

- CATHODE AREA 3 2 5  CM' - 

- DISTANCE 0 32 CM - 
- TEMPERATURE 475-C - 
- 5 0  '4 FILLER COLD PRESS- 

- - 
- - 
- - 
- - 
- - 

CHARGE 
- - 

- - 
- 2- - 

I I 

- 

2 I 0 2 3 

Fig. 4 .  ,Voltage-current density curves for a lithium-bismuth cell 

Fig. 5 .  Voltage-current density curx'es for a lithium-tellurium cell 

, 
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SPECIFIC E N E R G Y  , w a t t - h r / l b  

, 
F i g .  6 .  S p e c i f i c  p o w e r - s p e c i f i c  e n e r g y  c u r v e s  

f o r  some s e c o n d a r y  b a t t e r i e s  

\ 

/ I  
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COAL PYROLYSIS USING LASER IRRADIATION 

F. S .  Karn, R. A. F r i e d e l ,  and A .  G .  Sharkey,  Jr. 

U.S. Department o f  t h e  I n t e r i o r ,  Bureau o f  Mines 
P i t t s b u r g h  Coal Research Center ,  P i t t s b u r g h ,  Pa. 15213 

INTRODUCTION 

The purpose o f  t h i s  i n v e s t i g a t i o n  i s  t o  observe  t h e  e f f e c t  of  laser  i r r a d i a -  
t i o n  on t h e  p y r o l y s i s  of  c o a l .  Coal i r r a d i a t e d  w i t h  laser l i g h t  can decompose 
i n t o  g a s e s  r i c h  i n  a c e t y l e n e .  Coal p y r o l y s i s  a t  t h e  u s u a l  coking temperatures  

and t h e  probable  c o m e r c i a l  va lue  of  t h e  product  gas  should be  r e l a t e d  d i r e c t l y  t o  
t h e  temperature  of  t h e  decomposing c o a l .  

, y i e l d s  gases  h igh  i n  methane b u t  very  low i n  a c e t y l e n e .  The acetylene/methane r a t i o  

Conventional c o a l  p y r o l y s i s  v a r i e s  i n  temperature  from 450" t o  1,400"C and i n -  
c ludes  hundreds o f  d i f f e r e n t  p r o c e s s e s  and c o a l s .  
r o l y s i s  gas  w a s  ob ta ined  from a P i t t s b u r g h  seam (hvab) c o a l  carbonized a t  900" C . 5 1  
F i f t e e n  p e r c e n t  o f  t h e  c o a l  (40.7 p e r c e n t  v o l a t i l e  m a t t e r )  w a s  c o l l e c t e d  as  g a s  
( t a b l e  1) .  
r a t i o  by i n c r e a s i n g  p y r o l y s i s  tempera ture .  The e q u i l i b r i u m  c o n s t a n t  f o r  t h e  
r e a c t i o n  

A t y p i c a l  high-temperature  py- 

L a s e r  i r r a d i a t i o n  can b r i n g  about  s i g n i f i c a n t  changes i n  t h e  C,H,/CH4 

i n c r e a s e s  from 
l a s e r  i r r a d i a t i o n  could be very  high.  The energy c o n c e n t r a t i o n  due t o  a 6 - j o u l e  
focused beam from a ruby laser i s  s u f f i c i e n t  t o  raise t h e  temperature  o f  a p e r f e c t  
absorber  by 14,000' C. This  estimate i s  based on t h e  laser  energy and on the  h e a t  
c a p a c t t y  o f  t h e  t a r g e t .  However, much o f  t h e  laser energy i s  d i s s i p a t e d  by r e f l e c -  
t i o n ,  conduct ion ,  and v a p o r i z a t i o n .  I n  t h e s e  experiments  w i t h  c o a l  t h e  maximum 
t a r g e t  temperature  was e s t i m a t e d  t o  be  less than  1,300" K-- la rge ly  due t o  c o a l  vo l -  
a t i l i t y .  I n t e r e s t i n g  o b s e r v a t i o n s  o f  t a r  e t  tempera tures  o f  l a s e r - i r r a d i a t e d  s o l i d s  

and found it compatible  wi th  an assumption o f  thermodynamic e q u i l i b r i u m  and a temp- 
e r a t u r e  o f  4,000' K.  Verber and Adelman,'/ u s i n g  tantalum a s  a t a r g e t ,  measured 
thermionic  emission d u e  t o  a s u r f a c e  temperature  i n c r e a s e  which was c a l c u l a t e d  
from c l a s s i c a l  h e a t  t r a n s f e r  theory .  I n  t h e  fo l lowing  experiments  tempera tures  
have not  been measured d i r e c t l y  due  t o  t h e  s m a l l  s i z e  o f  t h e  c o a l  c r a t e r  and t o  
t h e  r a p i d  h e a t i n g  and c o o l i n g  o f  t h e  sample. 

a t  1,000" K to lo+' a t  4,000" K .  Temperatures  r e s u l t i n g  from 

have been repor ted .  Berkowitz and C h u p k a l  .? analyzed t h e  vapor e j e c t e d  from g r a p h i t e  

EXPERPIENTAL 

A v a r i e t y  of  c o a l s  and c o a l  macera ls  have been exposed t o  laser i r r a d i a t i o n .  
Using a focused beam, energy  c o n c e n t r a t i o n s  as h igh  a s  100 megawatts p e r  square  
c e n t i m e t e r  can be reached.  The genera l  procedure has  been t o  seal t h e  c o a l  sample 
i n  a g l a s s  v e s s e l  through which t h e  laser  beam'can be f i r e d .  The v e s s e l  w a s  evac-  
uated o r  evacuated and p a r t i a l l y  r e f i l l e d  wi th  a s p e c i f i c  g a s  b e f o r e  i r r a d i a t i o n .  
Samples, u s u a l l y  about  8 mm cubes,  were s e a l e d  i n  g l a s s  tubes  10 mm i . d .  and 90 mm 
long.k/  
i r r a d i a t e d .  The u s u a l  i r r a d i a t i o n  w a s  1 p u l s e  o f  a 6 - j o u l e  ruby laser  beam which 
was focused by a convex l e n s .  
e t e r  i n  two o r  more f r a c t i o n s  d i s t i l l i n g  from l i q u i d  n i t r o g e n ,  d r y  i c e ,  i c e  w a t e r ,  
room tempera ture ,  and 60" C ba ths .  Both t o t a l  volume and gas  d i s t r i b u t i o n  were 
determined f o r  each f r a c t i o n .  
f o r  u l t i m a t e  a n a l y s i s  o r  f o r  i n s p e c t i o n  by i n f r a r e d  spec t romet ry .  

Samples were d r i e d  under vacuum a t  100" C f o r  20 h o u r s ,  then  s e a l e d  and 

Gaseous products  were analyzed by t h e  mass s p e c t r a n -  

S o l i d  products  were obta ined  from t h e  g l a s s  walls 
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Table 1.- Product gas  

H2 co 

93OOC Carboniza t ion  Lase r  i r r a d i a t i o n  
Mole pe rcen t  

55.6 
7.4 
0.4 
31.5 
0.05 
3.4 
1.2 
0.5 
0.0 

Weig 

15 

< 0.002 

t p e r c e n t  o 

CzHzICH4 

52.2 
22.5 

5.1 
10.6 
0.0 
0.0 
0.0 
0.9 

a. 7 

co a1 

52 , 

2.1 

In s tudying  any new p rocess  f o r  coa l  p y r o l y s i s ,  t h e r e  a r e  s e v e r a l  u s e f u l  var -  
i a b l e s  t o  be cons idered .  Among t h e s e  a r e  c o a l  r ank ,  mace ra l ,  p a r t i c l e  s i z e ,  and 
atmosphere.  There are a l s o  seve ra l  v a r i a b l e s  which a r e  c h a r a c t e r i s t i c  of  t he  pro-  
c e s s i n g  u n i t .  For t h e  l a s e r  they  a r e  q u a n t i t y  of  energy d i s c h a r g e d ,  rate of d i s -  
charge ,  a r e a  o f  t a r g e t ,  and wavelength o f  r a d i a n t  energy. 

Coals have been t r e a t e d  wi th  t h e  same t o t a l  l i g h t  energy  from 3 d i f f e r e n t  
l a s e r s .  Lase r s  used i n  t h e s e  experiments w e r e  a s  follows: The ruby laser d e l i v e r s  
6 j o u l e s  of  6,943 A l i g h t  i n  about 1 mi l l i s econd .  Source of  t h e  l i g h t  i s  a c y l i n -  
d r i c a l  ruby 76 mm long  by 6.3 nun i n  d i ame te r .  It i s  a c t i v a t e d  by a xenon f l a s h  
lamp and a c a p a c i t o r  capab le  of  d e l i v e r i n g  a 2 ,000-vo l t  pu l se .  The neodymium l a s e r  
is a g l a s s  rod 152 mm long and capable  o f  a 28 - jou le  pu l sed  d i scha rge .  The t h i r d  
laser type  i s  a cont inuous  CO2 l a s e r .  I t s  t o t a l  power o u t p u t  i s  only  10  w a t t s  
(10 j o u l e s / s e c )  bu t  s i n c e  it o p e r a t e s  con t inuous ly  t h e  t o t a l  energy  and t h e  quant i ty  
o f  product  gas  can be made t o  equal  t h a t  o f  t he  pu l sed  l a s e r s .  I r r a d i a t i o n  f r q  
t h e  C02 l a s e r  has a wavelength o f  106,000 A. 

RESULTS 

A comparison o f  p roduct  gases  from a 900” C ca rbon iza t ion  and from i r r a d i a t i o n  
by a ruby l a s e r  v e r i f i e d  t h e  p r e d i c t i o n  of h ighe r  C2H2 t o  C q  r a t i o  f o r  t he  l a s e r  
( t a b l e  1 ) .  

- Rank. Coal composi t ion and c o a l  u t i l i z a t i o n  vary  widely w i t h  rank .  I r r a d i a -  
I 

ci,... .... 
L L Y L l  rLodiicts a s  a funct ioi i  o f  rank iv’ere s tud ied  e a r l i e r  and t h e  restilts are sum- 
marized i n  t a b l e  2.31 
Yie lds  o f  a c e t y l e n e ,  hydrogen, and HCN r each  a maximum f o r  a h i g h - v o l a t i l e  bitumin- 
ous  c o a l .  

‘r A s  rank  dec reases  t h e  y i e l d  of gaseous product i nc reases .  

i 
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Macerals. Macerals from a s i n g l e  c o a l  setam can be s e p a r a t e d  v i s u a l l y  o r  by 
s p e c i f i c  g r a v i t y .  
coking p r o p e r t i e s .  Maceral s e p a r a t i o n  i s  a t e d i o u s  j o b  and w e l l  separa ted  samples 
are u s u a l l y  s m a l l . l /  
l a s e r  p y r o l y s i s  were i r r a d i a t e d  ( t a b l e  3 ) .  A s  hydrogen and v o l a t i l e  m a t t e r  i n  t h e  
maceral increased  the  product  gas  i n c r e a s e d ,  and t h e  q u a l i t y  of t h e  product  gas 
(based on C2H21CH4 r a t i o )  decreased .  

They provide  informat ion  about  the  o r i g i n  o f  a c o a l  and about i t s  

Macerals  o f  Hernshaw (hvab) c o a l  i n  s u f f i c i e n t  q u a n t i t y  f o r  

Table  2 . -  Product  gases  from laser i r r a d i a t i o n  of  c o a l s  

A n t h r a c i t e  Pocahontas P i t t s b u r g h  L i g n i t e  
l v b  hvab 

Moles x l o 7  
13 23 30 21 
8 5 1 2  24 
4 1 3 1 0  
1 1 3 1 
3 4 9 6 
0.3 0.3 1 . 2  0.7 

TO t a 15' 31 35 6 0  63 

- a /  H20, N2, 02 f r e e .  

Table  3 . -  Gas from laser i r r a d i a t i o n  o f  macera ls  
o f  Hernshaw (hvab) c o a l  

H2 3 V o l a t i l e  m a t  e r ,  Product  a s  
Maceral D e  r c e n i d  Dercenta 5 Moles x 10' 'C?H?/CHI. 

Fu s i n i  t e  3.2 13.4 4 3  59 
M i c r i n i t e  4 .8  31.4 52 34 
V i t r  i n i t e  5 . 4  33.7 90 12 
Exin i  te 6 . 4  55.4 103 8 

- a /  See r e f e r e n c e  2.  

P a r t i c l e  S i z e .  V a r i a t i o n  o f  gas  y i e l d  w i t h  p a r t i c l e  s ize  w a s  s t u d i e d .  
Samples of  P i t t s b u r g h  seam c o a l  w i t h  p a r t i c l e  d i a m e t e r s  from 240 p down t o  10 p 
( f i g u r e  1) were i r r a d i a t e d .  For t h e  smaller p a r t i c l e s  t h e r e  w a s  a modest decrease  
i n  methane and an i n c r e a s e  i n  a c e t y l e n e .  This  may i n d i c a t e  less  c o o l i n g  by conduc- 
t i o n  and h i g h e r  tempera tures .  

Types of  Lasers .  Although laser a c t i v i t y  h a s  been produced i n  many d i f f e r e n t  
m a t e r i a l s ,  t h i s  s t u d y  has  been c a r r i e d  o u t  u s i n g  only  t h r e e - - r u b y ,  neodymium, and 
carbon d i o x i d e .  
Cr2O3. The chromium i o n s ,  e x c i t e d  by the  xenon f l a s h  lamp, e m i t  a p u l s e  of  6,943 A 
l a s e r  l i g h t .  The i n t e n s i t y  o f  t h i s  p u l s e  can be v a r i e d  by changing the  input  t o  the  
l a m p ,  by focusing t h e  l a s e r  beam, and by Q-switching to  s h o r t e n  t h e  d ischarge  t i m e .  
The s tandard  i r r a d i a t i o n  f o r  these  experiments  was a 6 - j o u l e  p u l s e  discharged i n  
about  1 m i l l i s e c o n d .  Without o p t i c a l  a l t e r a t i o n  t h i s  produces a c r a t e r  6 m i n  
d iameter  equal  t o  t h e  ruby rod)  and an energy c o n c e n t r a t i o n  a t  t h e  t a r g e t  of  
14 kw cm-'. With a focus ing  l e n s  t h i s  i s  increased  t o  over  40 kw cm-2 and,  us ing  
an  e l e c t r o - o p t i c a l  Q-switch, t o  40 Mw 

The ruby is a p ink  c r y s t a l  of  A1203 w i t h  0.05 weight  p e r c e n t  o f  
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The neodymium l a s e r  can  d e l i v e r  a 28- joule  pu l se  of 10,600 A l i g h t .  Using 
p r e c i s e  focus ing  but  no Q-swi t ch ing  t h e  l i g h t  i n t e n s i t y  a t  t he  t a r g e t  is about 
400 kw cm-2. 

The c02 l a s e r  has a cont inuous  ou tpu t  of 10 w a t t s  a t  a wavelength o f  106,000 A .  
Using a focused beam it can  produce a f lux  of 0.2 kw cm-2. 

Data from these  t h r e e  l a s e r s ,  inc luding  s e v e r a l  v a r i a t i o n s  i n  the  energy i n t e n -  
s i t i es  of t h e  ruby have been compared a t  approximately the  same t o t a l  energy ou tpu t  
t o  de te rmine  i f  t he re  a r e  d i f f e r e n c e s  i n  product -gas  q u a n t i t y  and d i s t r i b u t i o n .  

The Cnz l a s e r  e m i t s  t h e  l e a s t  i n t ense  l i g h t  beam because o f  i t s  slow r a t e  of 
emiss ion .  The ruby p u l s e s  were p r o g r e s s i v e l y  inc reased  i n  concen t r a t ion  due t o  
foca l  v a r i a t i o n s .  This  can r e a d i l y  be  measured on t h e  coa l  t a r g e t s .  C r a t e r s  i n  
fhe  coa l  i r r a d i a t e d  by t h e  defocused  ruby l a s e r  beam had an average a rea  of 1 .3  cm2. 
A l l  i r r a d i a t i o n s  with neodymium were focused and t h e  c r a t e r s  averaged 0.02 cm'. 
The b e s t  focused Cop- laser  beam produced a c r a t e r  w i th  an a r e a  o f  0.03 cm2. 
p roduct -gas  d a t a  a r e  shown as f u n c t i o n s  of c r a t e r  a r e a  ( f i g u r e  2 ) .  Only the  d a t a  
from i r r a d i a t i o n s  wi th  the  Cog l a s e r  were no t  c o n s i s t e n t  w i th  t h e  o t h e r  d a t a  due t o  
i t s  s l o w  h e a t i n g  and c o o l i n g  r a t e s .  The more i n t e n s e  l a s e r  beams produced g r e a t e r  
q u a n t i t i e s  o f  product gas  and h i g h e r  ace ty l ene  t o  methane r a t i o s .  
c r a t e r  a r ea  was rep laced  by l i g h t  f l u x  (k i lowa t t s  cm-*) and the  C02- laser  d a t a  could 
be inc luded .  

The 

I n  f i g u r e  3 

Temperature.  Since t h e  same amount of energy  w a s  a v a i l a b l e  i n  each of t hese  
t e s t s  t h e  tempera tures  of t h e  c r a t e r s  o r  o f  t h e  gas gene ra t ing  s i tes  should be re- 
l a t e d  to  energy concen t r a t ion .  An a t tempt  was made t o  e s t i m a t e  t h e s e  tempera tures  
from the composition o f  t h e  gas  using'gas e q u i l i b r i a  d a t a .  
i n  t h e  r e l a t i o n s h i p  between m e t  a n e ,  a c e t y l e n e ,  and hydrogen. Equi l ibr ium d a t a  t o  

The c h i e f  i n t e r e s t  is 

4,000 K a r e  shown i n  f l g u r e  4.- 47 

Gas ana lyses  from var ious  l a s e r  i r r a d i a t i o n s  were in t roduced  a s  shown i n  t h e  
sample c a l c u l a t i o n  us ing  d a t a  from i r r a d i a t i o n  wi th  a neodymium l a s e r .  

K =  (PcZHZ)(PHZ)3 = (.00277)(.00987)3 .00444 
(PCH4P (.000774)' 

, 
log K = 2.351 

Assuming the gases t o  be i n  e q u i l i b r i u m  dur ing  t h e i r  gene ra t ion ,  f i g u r e  4 g ives  a 
temperature o f  1,250' K. Temperatures were e s t ima ted  f o r  o t h e r  l a s e r  i r r a d i a t i o n s  
where gas ana lyses  were a v a i l a b l e  ( f i g u r e  5). Temperatures inc rease  c o n s i s t e n t l y  
wi th  i n c r e a s e  i n  energy c o n c e n t r a t i o n .  Since a c e t y l e n e  was not  de t ec t ed  i n  t h e  gases 
from the  CO2 l a s e r  a t empera tu re  e s t ima te  could not  be made. 
y s i s  was a v a i l a b l e  f o r  p roduc t  from a 900" C ca rbon iza t ion  o f  c o a l  and a comparison 
wi th  equ i l ib r ium d a t a  i n d i c a t e d  a temperature of 827' C ,  i n  reasonable  agreement 
w i t h  the  measured t empera tu re .  

However, a gas  a n a l -  

Var i a t ions  i n  types of i r r a d i a t i o n  cause g r e a t  changes i n  gas  y i e l d  and s e l e c -  
t i v i t y .  However, most of t h e s e  changes i n  t h e  product can be expla ined  on the  
b a s i s  o f  h e a t  concen t r a t ion  a t  t h e  t a r g e t .  A g r e a t e r  hea t  c o n c e n t r a t i o n  inc reases  
gas y i e l d ,  i n c r e a s e s  t h e  p robab le  c r a t e r  temperature,and i n c r e a s e s  t h e  a c e t y l e n e  
t o  methane r a t i o .  Even d a t a  from t h e  C02 l a s e r  f i t s  i n t o  t h i s  p a t t e r n  a l though the 
h e a t  concen t r a t ion  i s  ach ieved  by a d d i t i o n a l  r a d i a t i o n  t i m e  i n s t e a d  o f  l a s e r  power. 
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Photochemistry.  A fundamental q u e s t i o n  i n  the  laser i r r a d i a t i o n  o f  coa l  i s  the  
P o s s i b l e  importance o f  t h e  wavelength o f  t h e  energy.  1's t h e  laser s imply a thermal  
energy source c a p a b l e  o f  r a i s i n g  c o a l  t o  h i g h  tempera tures  o r  can t h e  monochromatic 
energy s t i m u l a t e  s p e c i f i c  chemical  r e a c t i o n s  i n  coal?  The u s u a l  photochemical re- 
a c t i o n s  take  p l a c e  wi th  wavelengths  o f  2 ,000 A t o  8 ,000 A .  

The l a s e r s  a v a i l a b l e  f o r  t h i s  c o a i  s tudy  were: 

Ruby 6,943 A - v i s i b l e  spectrum 
Neodymium 10,600 A - i n f r a r e d  
Carbon d i o x i d e  106,000 A - i n f r a r e d  

A t  t h i s  t i m e  i t  i s  imposs ib le  t o  measure t h e  photochemical i n f l u e n c e  o f  t h e  laser 
,energy  because d u p l i c a t e  c r a t e r s  have n o t  been produced by d i f f e r e n t  l a s e r s  and t h e  

temperature  e f f e c t  is much s t r o n g e r  than t h e  photochemical e f f e c t .  A f i r s t  e s t i m a t e  
i s  t h a t  t h e  i n f l u e n c e  is  small (compare ruby-focus and neodymium, f i g u r e  3)  b u t  per -  
haps u s i n g  lower energy p u l s e s  d i f f e r e n c e s  can be d e t e c t e d .  

Another conclus ion  t o  be drawn from t h e s e  d a t a  i s  t h e  e f f e c t i v e n e s s  of a con- 
c e n t r a t e d  beam o f  l a s e r  l i g h t  i n  promoting a c e t y l e n e  product ion  i n  c o a l  p y r o l y s i s .  
T h i s  has  been shown f o r  bo th  ruby and neodymium lasers and f o r  c o a l s  of  varying 
r a n k ,  macera l ,  and p a r t i c l e  size. Due t o  c o a l  v o l a t i l i t y  tempera tures  have been 
lower than  expected.  Higher  coal tempera tures  could be  p r e d i c t e d  by i r r a d i a t i n g  
p r e t r e a t e d  c o a l  i n  a p r e s s u r i z e d  system and should l e a d  t o  g a s  co.mpositions even 
r i c h e r  i n  a c e t y l e n e .  
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PYROLYSIS OF COAL IN A MICROWAVE DISCHARGE* 

Yuan C .  Fu and Bernard D.  B laus t e in  

P i t t sbu rgh  Coal Research Cen te r ,  Bureau of Mines, 

4800 Forbes Avenue, P i t t s b u r g h ,  Pennsylvania 15213 
U .  S .  Department o f  t he  I n t e r i o r  

INTRODUCTION 
The n a t u r e  o f  t he  thermal decomposition of c o a l  d i f f e r s  g r e a t l y  depending on the  
r e a c t i o n  temperature and the r a t e  of h e a t i n g .  Recent i n v e s t i g a t i o n s  us ing  
va r ious  energy sources ,  e . g . ,  plasma j e t s , l - 3  l a s e r  beam,4,5 f l a s h  h e a t i n g , 6  
arc-image r e a c t o r s , 7  e t c . ,  have shown t h a t  extremely r ap id  p y r o l y s i s  o f  c o a l  
produces high y i e l d s  of a c e t y l e n e .  
bituminous c o a l ,  when r eac t ed  i n  a microwave d i scha rge  i n  a rgon ,8  i s  r e a d i l y  
g a s i f i e d  t o  produce a s i g n i f i c a n t  y i e l d  of ace ty l ene .  

The p r e s e n t  s tudy  d e a l s  wi th  the pyro lyses  of c o a l s  of va r ious  ranks  under the  
in f luence  of a microwave d i scha rge .  The r ead iness  of coa l  t o  g ive  up a small 
p a r t  of i t s  v o l a t i l e s  under the microwave i r r a d i a t i o n  permi ts  t he  d i scha rge  t o  
be s u s t a i n e d  even when s t a r t i n g  i n i t i a l l y  under a h igh  vacuum. The r e l a t i o n -  
s h i p  between the  p re s su re  i n c r e a s e  du r ing  the d i scha rge  p y r o l y s i s  of c o a l  and 
time shows t h a t  t he  p r i n c i p a l  r e a c t i o n  is a r ap id  g a s i f i c a t i o n ,  which i s  
induced by t he  a c t i v e  bombardment of the c o a l  by e n e r g e t i c  s p e c i e s  p re sen t  i n  
the d i scha rge .  S tud ie s  of t he  gas  composition a t  va r ious  s t a g e s  of t h e  d i scha rge  
p y r o l y s i s ;  of t he  e f f e c t  of i n i t i a l  presence of Ar ;  and of t he  e f f e c t  of coo l ing  
the gaseous products  ( a s  they a r e  being formed);  have a l l  g iven  f u r t h e r  i n s i g h t  
i n t o  the n a t u r e  of the decomposition of c o a l  which takes  p l ace  i n  the microwave 
d i scha rge .  

' 
It has  a l s o  been shown t h a t  h i g h - v o l a t i l e  

EXPERIMENTAL 
Experiments were c a r r i e d  ou t  i n  a Vycor tube r e a c t o r  a t t a c h e d  t o  a vacuum system 
provided with a Pace Engineer ing  p res su re  t r ansduce r .  The t r ansduce r  was 
connected to  a F i s h e r  r e c o r d e r ,  so t h a t  t h e  p re s su re  i n c r e a s e  due to  the 
d e v o l a t i l i z a t i o n  o f  c o a l  i n  a known volume could be recorded  du r ing  i ts  d i scha rge  
p y r o l y s i s .  
MH,) coupled t o  an a i r - coo led  Opthos c o a x i a l  c a v i t y .  The d i scha rge  w a s  i n i t i a t e d  
by a Tes l a  c o i l  e i t h e r  i n  a vacuum ( 4 

argon (5-10 mm Hg), and the power l e v e l  was maintained a t  50 w a t t s .  The c o a l  
was loca ted  i n  the d i scha rge  zone. 

~ l l  pressure- t ime d a t a  were obta ined  from experiments u s ing  10 mg of v i t r a i n  
o f  c o a l  i n  a 163 m l  r e a c t o r .  Chemical ana lyses  and o r i g i n s  of t h e  v i t r a i n s  of 
d i f f e r e n t  c o a l s  used a r e  g iven  i n  Table 1. A l l  t h e  v i t r a i n s  were -200 mesh, 
and were degassed i n  a h igh  vacuum a t  looo C p r i o r  t o  the experiment.  
gaseous products  were analyzed by mass spec t romet ry .  

Tars  and cha r s  were pressed  i n t o  K B r  p e l l e t s  f o r  i n f r a r e d  a n a l y s i s .  Tars were 
a l s o  d i s so lved  i n  benzene or  e thano l  f o r  u l t r a v i o l e t  a n a l y s i s .  

The d i scha rge  was produced by a Raytheon microwave gene ra to r  ( 2 4 5 0  

mm Hg) o r  i n  t h e  i n i t i a l  p resence  of 

The 

. 

~~ ~~ -~ 
* V i t r a i n s  of c o a l s  were used throughout t h i s  paper .  



20. 

Table 1. Analyses  of v i t r a i n s  (mois ture  f r e e  b a s i s ,  p e r c e n t )  

0 Volati le 
C H N S (by d i f f . )  Ash matter 

An t h r a c  i eel' 91.06 2.49 0.96 0.83 2.98 1.77 6 .1  

89.57 4.67 1.25 .81 2.17 1.53 20.2 Low v o l a t i l e  
b i tuminous l l  

2.06 39.2 High-vo la t i  l e  

L i g n i t e 4 1  66.45 5.40 .31 1 .40  22.84 3.60 44.0 

5.56 1.71 .97 7.93 bituminous31 81*77 

' - 11 - 21  Pocahontas N o .  3 Bed, Buckeye N o .  3 Mine, Page Coal and Coke Co.,  

- 31 Bruce ton ,  Pennsylvania  Bed, Allegheny County, Pennsylvania .  
- 41 

Dorrance Mine, Lehigh Val ley  Coal Co., Luzerne County, Pennsylvania .  

Stephenson, Wyoming County,  West V i r g i n i a .  

Beulah-Zap Bed, North U n i t ,  Beulah Mine, Kni fe  R ive r  Coal  Mining Co.,  
Beulah, Mercer County ,  North Dakota. 

RESULTS AND DISCUSSION 
Gas Evo lu t ion  During t h e  Discharge P y r o l y s i s  

Coa l ,  on being  sub jec t ed  t o  microwave r a d i a t i o n  and e x c i t a t i o n  by a Tes l a  c o i l ,  
r e a d i l y  g i v e s  up enough of i t s  v o l a t i l e s  t o  s u s t a i n  the  d i s c h a r g e  i n i t i a l l y .  
F igu re  1 shows the  p re s su re - t ime  r e l a t i o n s h i p s  du r ing  t h e  d i scha rge  py ro lyses  
f o r  a l i g n i t e ,  a h i g h - v o l a t i l e  bituminous c o a l ,  a low-vo la t i l e  bituminous c o a l ,  
and an a n t h r a c i t e .  The z e r o  t i m e  is  the  t i m e  t he  plasma appeared ,  and t h e r e  i s  
u s u a l l y  some s o r t  of " induc t ion  per iod"  be fo re  a n  e x t e n s i v e  bui ld-up  of t he  
p r e s s u r e  t a k e s  p l ace ,  excep t  f o r  t he  l i g n i t e  where the  p r e s s u r e  r ise  i s  spon- 
t aneous .  For  each v i t r a i n ,  the  p re s su re  reaches  a p l a t eau  a f t e r  some t i m e .  
S u b s t a n t i a l  amounts o f  t a r s  were produced from t h e  hvab and t h e  lvb c o a l s ,  and 
i t  was n o t i c e d  t h a t  t h e  tars depos i t ed  on t h e  r e a c t o r  w a l l  immediately a f t e r  
t h e  d i scha rge  was i n i t i a t e d .  

The r e s u l t s  and t h e  p re s su re - t ime  r e l a t i o n s h i p s  show t h a t  t h e  d i scha rge  py ro lys i s  
of  c o a l  ( excep t  f o r  l i g n i t e )  may be d iv ided  i n t o  t h r e e  s t a g e s :  , 

(1)  P a r t i a l  c a r b o n i z a t i o n  t o  produce t a r .  This proceeds  a t  a r e l a t i v e l y  
low r a t e  wi thout  s i g n i f i c a n t  gas  e v o l u t i o n  -- an " induc t ion  per iod"  f o r  gas  
e v o l u t i o n .  

( 2 )  The p r i n c i p a l  r e a c t i o n  - -  p y r o l y s i s  wi th  accompanying g a s i f i c a t i o n .  

( 3 )  Degassing o f  r e s i d u a l  char .  This r a t e  is very  slow. 
This  proceeds  a t  a r e l a t i v e l y  h igh  r a t e .  

The h igh  e v o l u t i o n  o f  g a s e s  i n  the  second s t a g e  t akes  p l a c e  on ly  a f t e r  t he  
p r e s s u r e  i n  the  system has  g r a d u a l l y  b u i l t  up t o  a po in t  (0.5 t o  1 mm), where 
t h e r e  a r e  s u f f i c i e n t  c o n c e n t r a t i o n s  of e l e c t r o n s ,  atoms, and i o n s  p re sen t  i n  the  
d i scha rge  so t h a t  t hese  energeLic  s p e c i e s  can  a c t i v e l y  bombard t h e  c o a l  t o  
a c c e l e r a t e  t h e  decomposi t ion o f  thc c o a l .  Fo r  t h e  l i g n i t e  t he  r ap id  g a s  
evoluLion t akes  p l ace  spon taneous ly ,  presumably owing t o  i t s  r e a d i n e s s  t o  r e l e a s e  
s u f f i c i e n t  amounts of  v o l a t i l e  m a t t e r  which i s  conver ted  t o  t h e  e n e r g e t i c  spec ie s .  
As shown i n  F igu re  1,' t h e  r a t e  of g a s  evo lu t ion  a t  t h i s  s t a g e  i n c r e a s e s  wi th  
v o l a t i l e  matter c o n t e n t  of t h e  coa l .  

I' 

I 

I 
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In t he  t h i r d  s t a g e ,  t he  gas  e v o l u t i o n  reaches  a l imi t . .  Table 2 shows t h e  t y p i c a l  
product ana lyses  ob ta ined  a t  t he  end o f  t h e  r e a c t i o n  t i m e  i n d i c a t e d  i n  F igure  1. 
The e x t e n t  of d e v o l a t i l i z a t i o n  o r  g a s i f i c a t i o n  i n c r e a s e s  wi th  v o l a t i l e  ma t t e r  
con ten t  of t he  c o a l .  In g e n e r a l ,  t he  amounts of gases  evolved are comparable to 
those  evolved from thermal decompositions of t he  c o a l s  a t  about  1000° C ,  bu t  t he  
products  a r e  r i c h e r  i n  H2 and C2H2. 

Table 2 .  Discharge py ro lys i s  of c o a l  

L i g n i t e  hvab lvb An th rac i t e  

44.0 39.2 20.2 6 .1  V o l a t i l e  m a t t e r ,  

Reaction t ime, 

Product ,  10-l' mmoles/g. coa l  

percent  

min 
I 10 20 20 20 

H 3  86.5 103 120 

C3Ha 7.8 15.0 7.9 
CZHS 0.7 0.9 0.2 

c 02 8.7  0.8 0.1 
H2 0 5.5 2.0 3.5 

cH4 2.7 3.5 1.4 

co 83.5  35.7 11.3 

To ta l  gases ,  w t  pc t  32.6 17.5 8 .6  
C g a s i f i e d ,  pe rcen t  20.6 11.1 4.2 

3.9 5.7 2.7 C converted t o  gaseous 
hydrocarbons,  pe rcen t  

E f f e c t  of I n i t i a l  Presence of Argon 

60.2 
5.0 
1.8 

t r a c e  
3.9 

trace 
1.9 
3.3 
1 . 2  

0.6 

The pressure- t ime r e l a t i o n s h i p  du r ing  the  d i scha rge  p y r o l y s i s  in  t h e  presence of 
added argon (F igure  2 )  shows t h a t  t h e  r a p i d  gas  e v o l u t i o n  t akes  p l ace  as soon a s  
the  d i scha rge  is  i n i t i a t e d  and proceeds a t  a h ighe r  r a t e .  Here,  t h e  gas  evo lu t ion  
a l s o  quick ly  reaches  a l i m i t ,  but t h e  i n i t i a l  " induct ion  period" f o r  t he  g a s  
evo lu t ion  does no t  e x i s t .  Ev iden t ly ,  the added argon immediately forms s u f f i c i e n t  
concen t r a t ions  of e n e r g e t i c  s p e c i e s  upon i n i t i a t i o n  of t h e  d i s c h a r g e ,  t hus  a l lowing  
s t a g e s  1 and 2 t o  proceed concur ren t ly .  The gas  evo lu t ion  reaches  a l i m i t  sooner ,  
bu t  the e x t e n t  of d e v o l a t i l i z a t i o n  of t he  coa l  and the  gaseous product type d d n o t  
d i f f e r  s i g n i f i c a n t l y .  The r e s u l t s  a r e  shown i n  Table 3. 

Gas Composition a t  Various S tages  of Discharge P y r o l y s i s  

I n  o r d e r  t o  i n v e s t i g a t e  the  composition of t he  gases  evolved a t  va r ious  s t a g e s  
of the  d e v o l a t i l i z a t i o n ,  the p y r o l y s i s  was i n t e r r u p t e d  a t  s e v e r a l  s t a g e s  by 
d i scon t inu ing  t h e  d i scha rge .  A t  each s t a g e ,  t he  evolved gases  were measured and 
c o l l e c t e d  f o r  mass spec t romet r i c  a n a l y s i s .  The d i scha rge  -- and the  p y r o l y s i s  -- 
were then continued f o r  the remaining c o a l  u n t i l  no more n o t i c e a b l e  d e v o l a t i l i -  
z a t i o n  could be observed. 

F i g u r e s  3 and 4 show the  r e s u l t s  ob ta ined  f o r  t h e  l i g n i t e  and t h e  hvab c o a l ,  
r e s p e c t i v e l y .  The gas  composition a t  va r ious  s t a g e s  of t he  thermal py ro lys i s  
( t h e  gases  were c o l l e c t e d  a t  200' C i n t e r v a l )  of t he  hvab c o a l  i s  a l s o  shown 
i n  F igure  5 f o r  comparison. 
c o n s t i t u e n t s  of t he  hydrocarbons produced from t h e  d i scha rge  p y r o l y s i s ,  and t h e i r  
concen t r a t ions  a r e  n e a r l y  cons t an t  a t  each s t a g e ,  except  t h a t  t hey  dec rease  a t  
the l a t e r  s t a g e s ,  poss ib ly  because of less evo lu t ion  of hydrogenated carbon- 
s p e c i e s  from the  c o a l .  

Acetylene i n  a d d i t i o n  t o  methane a r e  the  major 
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I! Table 3. Discharge p y r o l y s i s  o f  c o a l  i n  the  presence  of  A r  

L i g n i t e  hvab l v b  An th rac i t e  

V o l a t i l e  ma t t e r ,  

I n i t i a l  p re s su re  of A r ,  

React ion t ime, min 
Product ,  10-1 mmoles/g. c o a l  

pe rcen t  

I r n  

E, 
C b  
C?H2 
C?Ha 
co 
c 02 
H? 0 

T o t a l  Gases,  w t  p c t  
C g a s i f i c d , ' p e r c e n t  
C conver ted  t o  gaseous  

liydrucarbons, p e r c e n t  

44.0 

5 .1  

5 

86.8 
2 . 1  

10.4 
0.6 

79.5 
8 .6  
7 .5  

33.5 
19.4 

4 .5  

3 9 . 2  

5.1 
20 

9n.5 
2.5 

15.8 
0.7 

31.9 
0 . 7  
3.4 

16.5 
11.4 

6.6 

\ 
\ 

20.2 6 .1  

5.1 5 .1  
I 

20 20 

113 6/! . 5  
4.0 0.4 
S.6  2.0 
0.6 t r a c e  

10.8 4 .2  
0.2 t r a c e  
4.9 1.6 
9.4 3 .4  
4.9 1 . 2  

3.5 0 .7  

T a r  - -  S u b s t a n t i a l  amounts of  t a r s  were obta ined  from the  hvab and t h e  lvb  c o a l s  
i n  the  d i scha rge  p y r o l y s e s .  The tars were compared by I R  and UV ana lyses  wi th  
t h e  t a r  ob ta incd  from the  thermal p y r o l y s i s  ( a t  700' C )  o f  t h e  hvab c o a l .  A l l  
t n e  11: s p e c t r a  showed the  presence  of u s u a l  a l i p h a t i c  C-H bands (2860-2940, cm-') 
and a romat i c  hands (740-860 c a - l )  which are t y p i c a l  of  p i t c h  and c o a l .  The t a r s  
o b t a i n e d  from the  d i s c h a r s e  py ro lyses ,  however, exh ib i t ed  weaker a romat i c  bands 
and a stron:;cr ca rbony l  band (1710 cm-l) than  t h e  tar  ob ta ined  from thermal  
p y r o l y s i s .  The UV s p e c t r a  (of the  tars e x t r a c t e d  by benzene o r  e t h a n o l )  exh ib i t ed  
no d i s t i n c t  a b s o r p t i o n  band f o r  t h e  t a r  b t a ined  from the  thermal p y r o l y s i s ,  but 
e x h i b i t e d  bands a t  3140, 3309, and 3470 1 (which could be a t t r i b u t e d  t o  d e r i v a t i v e s  
of  pyrene)  f o r  t hose  o b t a i n e d  from the  d i scha rge  py ro lyses .  

A l l  t he  r e s i d u a l  c h a r s  exhibited no d i s t i n c t  band over  t h e  e n t i r e  IR spectrum. 

- 

E f f e c t  of Cooling by L iqu id  Nitrogen , 

A .  Hvab Coal  - -  When one end of  an h-shaped r e a c t o r  ( v o l .  = 41 m l )  was cooled 
wi th  i i q u i d  Nz whi le  t h e  o t h e r  l e g  con ta in ing  t h e  hvab c o a l  was sub jec t ed  to  the 
d i s c h a r g e  p y r o l y s i s ,  i t  was observed t h a t  t he  p r e s s u r e  reading  of t h e  r e a c t o r  
neve r  exceeded 0 .5  mm d u r i n g  ?he cour se  of t he  decomposition. The end products  
c o n s i s t e d  mainly of  hydrocarbons and water, wi thout  s i g n i f i c a n t  amounts of  H2 and 
CO.  Acecyiene was the  main hydrocarbon, bu t  s u b s t a n t i a l  a m u n t s  of o t h e r  C2, C?, 
CI,, Cg and C6 hydrocarbons were  a l s o  formed. Without l i q u i d  N2 c o o l i n g ,  t he  
o t h e r  C 2  and C j  hydrocarbons were i n s i g n i f i c a n t  and the  C 4 ,  C5 and c 6  hydrocarbons 
were n o t  measurable.  The product a n a l y s e s ,  except  t h a t  f o r  C4, C5 and c 6  hydro- 
ca rbons  whicii c o n s t i t u t e  less than 2 pe rcen t  of t he  g a s e s ,  a r e  shown i n  Table 4 .  
The e x t e n t  0 :  d e v o l a t i l i z a t i o n  and the  hydrocarbon y i e l d  a r e  s i g n i f i c a n t l y  
i n c r e a s e d .  
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With A r  i n i t i a l l y  p r e s e n t  and wi th  c o o l i n g ,  however, t,he p r e s s u r e  reading  increased  
r a t h e r  r a p i d l y  t o  a maximum wi th in  a few minu tes ,  and then dccreased g radua l ly .  
Presumably, l a rge  amounts o f  H2, CO (noncondensable a t  -196' C)  and hydrocarbons 
were r a p i d l y  formed due t o  the h i e h  r a t e  of  g a s i f i c a t i o n  o f  t h e  c o a l  in t h e  A r  
d i s c h a r g e .  The p r e s s u r e  dec rease  i n  the  l a t e r  s t a g e  i s  a t t r i b u t e d  t o  the  
con t inuous  r e a c t i o n  o f  H p  and CO t o  form condensable hydrocarbons.  A s  s een  i n  
Table 4 ,  however, a p p r e c i a b l e  H 2  and CO s t i l l  remained a f t e r  30 minutes of r eac t ion .  
The y i e l d  of ace ty l ene  is ve ry  h igh ,  bu t  t h a t  of  o t h e r  C 2  and C3 hydrocarbons i s  
low. 

These r e s u l t s  may be i n t e r p r e z e d  a s  fo l lows .  In t he  absence of added A r ,  smal l  1 

r e a c c i v e  spec ie s  (H,  0, C ,  CH, c t c . )  and perhaps some l a r g e r  Eragments ( r a d i c a l s )  

< 

\ 

I 

i 
i 

No measurable amounts o!' C q ,  C5 and CG hydrocarbons were found 1 
""L ai-e - - - . . > I . .  _1 .... -..-L,.. 

i, are si"wiy detac;-,ed from ::i, -,:ecu:eJ, \-..- 'dp1I.l Ly C - U L L V C L C C "  L" S L a V L T  

, produc t s  such a s  a c e t y l e n e ,  h i zhe r  hydrocarbons,  and w a t e r ,  which a r e  f i n a l l y  \ 

condensed a t  the l i q u i d  N2 t empera ture .  In t he  presence  of A r ,  however, t h e  \ 

detachinent o f  t hese  fragmen2s proceeds a t  such a high r a t e  t h a t  a l l  t he  products  
formed cannot  be immediately condensed by the  l i q u i d  N 2 .  
molecules  f u r t h e r  decompose or r e a c t  w i t h  0 - spec ie s  t o  form l a r g e  amounts o f  H2 
and C O .  It i s  a l s o  q u i t e  p o s s i b l e  t h a t  d i f f e r e n t  types  of  s p e c i e s  (or s m a l l e r  

/ f r agmen t s )  a r c  r e l e a s e d  i n  the presence  o f  A r ,  r e s u l t i n g  i n  r ap id  format ion  of I 

noncondensablc H 2  and CO. 
then  con t inue  to r e a c t  to  form r e l a t i v e l y  lower hydrocarbons and water .  

As n r e s u l t ,  t he  l a r g e r  

IJi th prolonged r e a c t i o n  t ime,  t h e  H 2  and the  CO would 

I 

I n c r e a s e s  i n  the e x t e n t  of  d e v o l a t i l i z a t i o n  and i n  t h e  hydrocarbon y i e l d  under 
these  cond i t ions  are due p r i m a r i l y  t o  t h e  removal of hydrocarbons ( t h e r e f o r e  no 
f u r t h e r  decomposition o r  po lymer i za t ion ) ,  and of water9  ( t h e r e f o r e  no r e a c t i o n  of 
wa te r  w i th  hydrocarbons t o  form H p  and CO). 

B. L i g n i t e  - -  A s  s een  i n  F igu re  1, l i g n i t e  r e l e a s e s  g a s e s  spontaneous ly  a t  a 
h i g h e r  r a t c  than t h e  hvab c o a l .  Thus. when the  d i scha rge  p y r o l y s i s  of  t h e  l i g n i t e  
was s u b j e c t e d  t o  l i q u i d  N2 coolin:, i t  was observed t h a t  t h e  p r e s s u r e  reading  
inc reased  r a p i d l y  t o  a maximum w i t h i n  1 t o  2 minutes ,  and then decreased  g radua l ly  
t o  p r a c t i c a l l y  ze ro  a f t e r  s e v e r a l  minutes .  A t  t h i s  p o i n t ,  t he  m a j o r  p a r t  o f  t h e  
p y r o l y s i s  of the c o a l  seemed t o  be completed and t h e  d i scha rge  could  no t  be 
main ta ined .  

The reasons  f o r  t h i s  d i f f e r e n t  behavior  (from t h a t  of t he  hvab c o a l )  may be , 
( i )  t h e  spontaneous gas  e v o l u t i o n  a t  a h i g h e r  r a t e  and (ii) t h e  r e l e a s e  of more 
numerous sma l l e r  f ragments  from l i g n i t e ,  r e s u l t i n g  i n  r a p i d  format ion  o f  non- 
condensable  H2 and CO. 
ca rbons  and water i n  the  l a t e r  s t a g e .  The r e s u l t s  i n  Table 4 a l so  show t h a t  
t h e  hydrocarbon y i e l d  i s  ve ry  s i g n i f i c a n t l y  inc reased  under these  cond i t ions .  

S i m i l a r  behavior was observed wi th  added A r  except  t h a t  some p a r t  of the  H p  and 
CO remain un reac ted ,  owing perhaps t o  t h e  slowness wi th  which the  product  spec ie s  

A l l  the  H p  and the CO a r e  e v e n t u a l l y  conver ted  t o  hydro- 

#4iff,4cing ir,t_c t h p  cc1.1 C_TI_" F" the n r D r D n F P  n f  high  concentrat inn n f  Ar. r -  

I t  '21s a l s o  nc t i ced  t h a t  t h e  l i c ~ i t e  y ie lded  a s i g n i f i c a n t  amouRt of COz.  v h i l e  
t h e  hvab c o a i  y i e l d e d  very  smal l  amounts of  CO2 under a l l  c o n d i t i o n s .  This 
s u g g e s t s  t h a t  C 0 2  molecules  a r c  r e l eased  from t h e  l i g n i t e  s t r u c t u r e  r a t h e r  than 
formed f r o n  i n t e r a c t i o n s  o f  Cb and a c t i v e  0 - spec ie s  in t h e  d i s c h a r g e .  
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CONCLUSIONS 
The p r i n c i p a l  r e a c t i o n  i n  t h e  d i scha rge  p y r o l y s i s  of c o a l  i s  r u p t u r e  of t h e  
bonds i n  the  coa l  s t r u c t u r e  by bombardment of e n e r g e t i c  s p e c i e s  (whether r e l eased  
from the  c o a l  o r  formed from argon i n  the  d i scha rge )  on t h e  c o a l  s u r f a c e .  
s p e c i e s  such as H-spec ies ,  0 - spec ie s ,  gaseous C ,  and hydrogenated carbon fragments 
(CH, C2H o r  C H ) are produced from c o a l  i n  t h e  d i s c h a r g e ,  t hese  i n  tu rn  decompose 
o r  combine wi th  each  o t h e r  t o  form hydrogen, water, carbon o x i d e s ,  and hydro- 
carbons .  A f t e r  ex tens ive  decomposition of the c o a l  s t r u c t u r e ,  a l l  t h e  s p e c i e s  
p re sen t  i n  the  d i scha rge  reach a s teady  s t a t e ,  where the  format ion  of hydrocarbons 
i s  l imi t ed  by back r e a c t i o n s  wi th  water  t o  form Hg + CO and g a s i f i c a t i o n  of s o l i d  
i s  somewhat compensated by polymer iza t ion  of hydrocarbons.  

Thus, i f  the decomposition products  a r e  r a p i d l y  removed by a l i q u i d  n i t rogen  
t r a p  as they are formed, h igh  yieLd of hydrocarbons consis t inn,  mainly of ace ty l ene  
can  be obta ined .  The process  f o r  t he  d i scha rge  p y r o l y s i s  o f  h i g h - v o l a t i l e  
bituminous c o a l  under t h e s e  cond i t ions  i s  unique i n  t h a t  i t  conve r t s  more than 
21 percent  oE carbon i n  c o a l  to h ighe r  hydrocarbons (up t o  C6) wi thout  t h e  
accompanyinz formation of H2 and CO. 
c o n d i t i o n s ,  however, t h e  py ro lys i s  products  are lower hydrocarbons (below C4) 
and subsCan t i a l  a m u n t s  of H2 and GO, owing t o  t h e  inc reased  r a t e  of g a s i f i c a t i o n .  
Hence, the p;oduct type and d i s t r i b u t i o n  can be in f luenced  by t h e  rate of formation 
o r  removal of  t he  products .  

Numerous 

X Y  

' 

With argon i n i t i a l l y  p r e s e n t  under similar 
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I 

( 1 9 6 5 ) ,  s t u d J e d  , t l w  infl,uer!ce of ; t r m p e r a ' t u r ~ . ,  p r e s s u r e ,  hydrogen- .  
011 ' r a t i o , ,  d i l u e n t s , , .  arid c a t a l y s t s  on t h e  h y d r n c r a c k i n g  of l o w  
t e m p e r a t u r e  t ' a r s  and r e p o r t e d  minimum c o k e  4 i e ' l d s  u s i n g  t e t r a l i n  
and  c y c l o h e x a n e  a s  d i l u e n t s .  K a t s n b b s h v  1 1 1  and  E ; l b e r t  (1906)  
r e p o r t e d  .a y i e l d  of 83 .8% s a l e a b l e .  p r o d u c t s  when a t a r  d i s t i y l l a t e  
b o i l i n g  f r o m . 2 3 0 °  t o  360oc was h y d r o c r a c k e d  i r i  a c o n t i n u o u s  f i x e d  
bed r e a c t o r  a t  ,SO@.o to 5 5 0 O C  and 5 0  a t m o s p h e r e s  u n d e r  r e c y c l e  con-  
d i t i o n s .  T h e .  ec:onomIc f e a s i b i  11 t y  of  pr-od.ucing g a s o l i n e '  f r o m  c o a l  
by t h e  H-.coal p r n c a s s ,  w h e r e i n  t h e  h e a v y  o i l  p r o d u c e d  i n  t h e  . f irst  
s t a g e  was  hydr'.ocrat k c d  i n  a s l l b s e q u e n t  s t a g e  ~ was d e m o n s t r a t e d  , by  
t h e  r e s u l t s  pub.1ishe.d by X l p r r t ,  F S  a : l  ( ' 1 ? 6 6 ) ,  Z i e l k e ,  e t  a 1  
(1966) .  1 n v e s t . i g a t e d  the. s u i t a b i l i t y  c f  z inci h a l l i d e  c a t a l y s t s  f o r  
h y d r o c r a c k i n g  c:oa'l c - - x t r a c t s  f n r  t h e  p r o d u c t i o n  of g a s o l i n e .  The 
r e s ~ l t s  ind ica t .Ed  t h a t  0 maximuni y i c . l d  of 68% of  g a s c r l i n e .  c o u l d  
b e  o b t a i n e d  a t  4 2 7 ° K .  4 2 0 0  p s i  p r e s s u r e  and 60 m i n u t e s  r e a c t i o n  
t i m e .  I n  t h e  pre . ,cen t  . c o m m u n i c a t i o n ,  t h e  results of h y d r o c r a c k i n g  
o f  a , l o w  t e m p e r a t u r e  c o a l  t a r  i n  a b a t c h  a u t o c l a v e  o v e r  a c a t a l y s t  
c o n t a i n i n g . , s u l p h i d e s  of n i c k e l  and t u n g s t e n ,  s u p p o r t e d  o n  s i . l i c a -  
a l u m i n a ,  a r e  d e s c r  i b t d  The i n f l u e n c e  of t e m p e r a t u r e  and p r e s s u r e  
o n  p roduc t ,  d i . s t r i b - l t i o n  and k i n e t i c ;  ev i>Lud t i t i n  o f  the d a t a  a r e  
p r e s e n t e d .  

- E x p e r i m e n t a l  

- M a t e r i a l s .  
. .  . .  

L o w  t e m p e r a t u r e .  t a r  from a ' h i g h  v o l a t i l e  b i t u m i n o u s  coa l  from 
I : t a h  w a s  p r e p a r e d  b y  c a r b o n i z a t i o n  a t  5 5 O o C  i n  a l a b o r a t o r y  o v e n .  
The l i g h t  o i l .  b o i l i n g  u p  t o  200°C was se .pa ra t ed  f r n m  t a r  by d i s . - .  
t i l l a t i o n  (Table .  1 1 .  T h e  c a t a l y s t  ( c o m m e r c i a l )  c o n t a i n e d  6% , n i c k e l  
and  19% - t u n g s t e n ,  b c t t i  a s  s u 1 p h i d e s ;  s u p p o r t e d  o n  si l i c a - . a l u m i n a  
and  had a s u r f a c e  a r e a  o f  2 1 2  s q .  m e t e r s  per gram a n d  s i z e  of -200 
mesh, .  5-A mole.cu:l.&r s i e v e s  were of c t i r .omatograpl i . i c  g r a d e .  

E q u i p m e n t ,  
, 

A 1 - l i t r e  h i g h  p r e s s u r e  aau toc lave  w i t h  a m a g n e t i c  d r i v e  
s t i r r e r ,  p r e s s u r e  arld t e m p e r a t u r e  c o n t r o l  d e v i c e s ,  l i q u i d  and  gas  
s a m p l i n g  l i n e s ,  and w a t e r  q l i e n c h i n g  s y s t e m  ( F i g u r e  1 )  and  h y d r o g e n  
c y l i n d e r s  w i t h  maximum p r e s s u r e  of 2 3 0 0  p s i  were u s e d .  

- P r o c e d u r e  f o r  hydror Lack i n g  e x p e r i m e n t s  

I n  eac l i  e x p c r i r n e r i t  1 0 0  c I C  of t a r  and 10  g r a m s  of t h e  c a t a l y s t  
were u s e d  Ttie e q u i p m e n t  was e v a c u a t e d  t o  remove most  o f  t h e  a i r ,  
f i l l e d  w i t h  hydroger i  arid h e a t e d  t o  t h e  d e s i r e d  t e m p e r a t u r e .  The 
t e m p e r a t u r e  I-os- t o  3 O O o C  i n  2 1  m i n u t e s  and 500°C i n  2 8  m i n u t e s .  
The r e a c t l o n  t i m f  w d s  t a k e n  from t h e  s t a r t  of  h e a t i n g  t h e  e q u i p m e n t .  
k h e n  t h e  r e a c t i o n  t c  r n p e r a t u r e  was  r e a c h e d ,  t h e  p r e s s u r e  was a d j u s t e d  
to t h e  e x p e r i m e n t a l  v a l u e  and m a i n t a i n e d  c o n s t a n t  t h r o u g h o u t  e x c e p t  
i n  e x p e r i m e n t s  c.ontlucted a t  p r e s s u r e s  h i g h e r  t h a n  2000 p s i  where  
t h e r e  w a s  a r e d u c t ~ o ~ l  1 1 1  p r t s s u r e  o f  a b o u t  200  t o  300 p s i  d u r i n g  
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t h e  c o u r s e  of t h e  e x p e r i m e n t  E x p e r i m e n t s  were c o n d u c t e d  a t  d i f -  
f e r e n t  r e a c t i o n  t i m e s  and 4 g a s  s a m p l e s  were t a k e n  o u t  d u r i n g  e a c h  
e x p e r i m e n t .  A t  t h e  e n d  of t h e  r e a c t i o n  t i m e ,  h e a t i n g  w a s  s t o p p e d  
and t h e  p r o d u c t  was q u e n c h e d  r a p i d l y  b y  c i r c u l a t i n g  w a t e r  i n  t h e  
c o o l i n g  c o i l  immersed  i n  i t .  I t  t o o k  1 t o  2 m i n u t e s  t o  c o o l  t h e  
p r o d u c t  down t o  250°C and 1 5  m i n u t e s  t o  a t m o s p h e r i c  t e m p e r a t u r e .  
The p r e s s u r e  was  t h e n  r e  l e a s e d  s l o w l y  and t h e  a u t o c l a v e  o p e n e d .  
T h e  prnr_luct w a s  t r ~ n s f ~ r r ~ r l  to a b e a k F r :  filtered t o  remove t h e  
c a t a l y s t ,  and t h e  w a t e r  s e p a r a t e d  t o  ge t  t h e  t o t a l  o i l  p r o d u c t ,  
The m e c h a n i c a l  l o s s e s  were  f o u w l  t o  be l e s s  t h a n  1%- The y i e l d  o f  

' t h e  p r o d u c t  was t a h e f i  a s  J O @ %  and 100 m i n u s  t h e  t o l u m e  of t h e  t o t a l  
o i l  p r o d u c t  was t a k t n  A S  p e r c e n t  c o n v e r s i o n  t o  g a s  A f e w  c.c o f  
t h e  t o t a l  o i l  p r o d u c t  were  osed f o r  s u l f u r  and n i t r o g e n  a n a l y s i s  
and t h r  r e m a i n d e r  was washed w i t h  10% s o d i u m  h y d r o x i d e  and 20% 
s u l p h u r l c  a c i d  t o  remove t a r  acid.-  and b a s e s  r e s p e c t i v e l y  The 
n e u t r a l  0 1 1  was then d i s t i l l e d  i n t o  3 g a s o l i n e  f r a c t i o n  b o i l i n g  u p  
t o  20OoC a d i e s e l  n i l  f r a c t i o r i  b o i l i n g  from 200° t o  360°C and 
r e s i d u e .  T h e  volume of E a t h  f r a c t i o ?  i n  c cy o b t a i n e d  f r o m  t h e  
t o t a l  o i J  p r o d u c t  was t a L e i i . a s  volum6 p e r c e n t  c o n v e r s i o n  t o  t h a t  
p a r t i c u l a r  f r a c t i o n  

---- P r o d u c t  a n a  1 ~ s  

S u l f u r  was d t - t e r m i i i e d  b j  t h e  bomb method and n i t r o g e n  b y  t h e  
C-11-h c h r o m a t o g r a p h i c .  a n ~ l y z r r  F M .  Model  1 8 5 -  Tar. a c i d s  and 
b a s e s  were e s t i m a t t d  b y  c x t r a c t i o n  w i t h  10% sodium h y d r o x i d e  and 
205 s u l p h u r  i c  ac i d  r e s p e c  ti v t  Ly H y d r o c a r b o n -  t y p e  a n a l y s i s  was 
d o n e  by t h e  F l u o r e s c e n t .  l n d  i r a t o r  A d s o p r t i o n  method (ASTM, D1319-  
6 5 " )  F o r  the e s t i m a t i o n  o f  n a p h t h e n e s  and i s o p a r a f f i n s ,  t h e  
s a t u r a t e d  h y d r o c a r b o n  p o r t i o n  was f i r s t  s e p a r a t e d  f r o m  t h e  m i x t u r e  
b y  s u l p h o n a t i o n  w i t h  a m i x t u r e  o f  70% c o n c e n t r a t e d  s u l p h u r i c  a c i d  
and 30% p h o s p h o r u s  pe n t o x  i d e  (AZTM, D1019-62) The n a p h t h e n e s  
were e s t i m a t e d  by tlie r e f r a c t i v i t y  i n t e r c e p t  method (ASTM,  D1840- 
6 4 ) .  The h p a r a f f i n  c o n t e n t  was d e t e r m i n e d  -by a r l g o r p t i o n  o v e r  , 
5 - A  m o l e c u l a r  SIEYFS i n  a gla'ss co lumn of O C ' 5 - i n c h  d i a m e t e r  and 
7 . 5 - f o o t  l e n g t h  The i s o p a r a f f i n s  w e r e  o b t a i n e d  by t h e  d i f f e r e n c e .  
T h e  d i e s e l  i n d e x  was c a l c ~ ~ l a t e d  f rom A P I  g r a v i t y  and a n i l i n e  p o i n t .  
The g a s  a n a l y s i s  was d o n e  by g a s  c h r o m a t o g r a p h y  i n  t h e  F M. Model 
720 d u a l  co lumn p r o g r a m w d  t e m p e r a t u r e  g a s  c h r o m a t o g r a p h .  

- R e s u l t s  and D i s c u s s i o n  

- P r o d u c t  d i s t r  ibu-. 

The  y i e l d  of g a s o l i n e  and gas and t h e  i s o - n o r m a l  r a t i o  i n  
b u t a n e s  i n c r e a s e d  w i t h  t e m p e r a t u r e  w h e r e a s  t h e  d i e s e l  o i l  d e c r e a s e d  
w h i l e  t h e  r c s i t l u e  r e m a i n e d  a l m o s t  t h e  same ( F i g u r e  2 ) .  Tar a c i d s  
and  bases were removed c o m p l e t e l y  a l o n g  w i t h  most of t h e  s u l f u r  
and n i t r o g e n  a t  45OoC and 1500 p s i  p r e s s u r e  ( T a b l e  1 1 ) .  I s o m e r i z a -  
t i o n  i n c r e a s e s  w i t h  c r a c k i n g  and t h e  g a s  y i e l d  and  i s o - n o r m a l  r a t i o  
i n  b u t a n e s  a r e  q u a l i t a t i v e  i n d i c a t i o n s  of t h e  e x t e n t  of c r a c k i n g  
rezct:ons t a k i c g  p l a c e  l e a d i n g  t o  t h e  f o r m a t i o n  of g a s o l i n e .  A 
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I 

I 
'I 

1 

p r e s s u r e  o f  I j 0 0  p s i  1 s  s u f f i c , i e n t  to  s u p p r e s s  coke.-form.ing r e a c -  
t i o n s  and t h e  g a s o l i n e  is former: m a i n l y  b y  t h e  c r a c k i n g  of t h e  
d i e s e l  o i l ,  t h e r e . b y  a f f e : c t i n g  the q u a n t i t y  and  q u a l i t y  of t h e  
l a t t e r .  The c o m p o s i t . i n n  o f  g a s o l i n e  o b t a i n e d  a t  d i f f e r l e n t  t e m p e r -  
a t u r e s  r e m a i n s  a l m o s t  t h e  same and t h e  a r o m a t i c s  of t h e  g a s o l i n e  
a r e  m a i n l y  for-med b y  . t h e  . d e a : l k y l a t . i o n  of a l k y : L b & n z e n e s ,  hydro -  , . 
c r a c k i n g  o f  I i y d r . o . . a r o m a t i c s ,  , a n d  hydro re -mova l  o f  s u l f u r ,  o x y g e n ,  
a n d  n i t r o g e n  c o m p o u n d s .  

, The, g a s o l i n e  .y ' ie  16 i n c r e a s e d  a t  r l i f f e r e . n t  r a t e s  w i t h  pr%ssure 
( F i g u r e  3'). T h e  r a t e  q f  g a s o l i n e  f o r m a t i o n  w a s  h i g h  i n  t h e  p r e s -  
s u r e  range 1 0 0 0  t o  1 5 0 0  ps-I s : towing ,  tiown i n  t h e  r a n g e  1500 to  
2500 p s i ,  and , i n c r e a s i n g  a g a i n  a t  1 ) ighe . r  p r e s s u r ~ s .  The r e s i d u e  
d e c r e a s e d  r a p i d l y  i n  t h e  r a n g e  1 0 3 0  t o  1500  p s i  but, t h e  d e c , r e a s e  
w a s . s m a l 1  a t  h i g h e r  p r6 . s su re . s  00 t h e  i . t h e r  h a n d ,  t h e  g a s  y i e l d  
aiid i s o - n o r m a l  r a t i o  i n  b u t a n e s  r e a a i n e d  ar tmost  c o n s t a n t  u p  t o  a 
p r e s s u r e  o f  l 5 O O  p s i  a,nd i n c r e a s e d  a t  h . ighe r  pressures ( F i g u r e  4 ) .  
P r e s s u r e  doe.s riot Iiave a marked i n f l u e n c e  o n  c r a c k i n g  r e a c t i o n s  i n  
t h e  r a n g e  1000 t o  1 5 0 0  p s i  b u t  the.  i n c r e a s e  i n  t h e  y i e l d  o f  gaso- 
l i n e  is d u e  t o  t h e  s u p p r e s s i o n  o f  t h e  c o k e . f o r m i n g  r e a c t i o n s .  I n  
t h e  r a n g e  21700 t o  2500  p s i -  p a r t i a l  h y d r o g e n a t i o n  o f  a r o m a t i c s  t o  
h y d r o . . a r o m a t . i c s  t a k e s  p l a c e  fo'L'1owc.d b y  t h e  c r a c k i n g  of t h e  l a t t e r  
w h i c h  i n c r e a s e s  t h e  y i e  Id  of g a s o l i r i c '  and  t h e  a r o m a t i c  c o n t e n t  
( F i g u r e s  5 t o  7 ) .  A t  l?iglie:r p r ~ s s l u r e s  c o m p l e t e  hydr .ogena t . i on  of 
a r o m a t i c s  to  i i aph the .ns s  tak.6.s p l a c e  and i n c r e a s e s  t he  g a s o l i n e  
y i e l d .  The n a p h t h e w s  i n  t h e  g a s n ' l i n e  i n c r e a s e  w i t h  a c o r r e s p o n d -  
i n g  d e c r e a s e  j i i  t h e  a r n m a t  its. I s n m e r y i z a t i o n  i n c r e a s e s  w i t h  pres- 
s u r e  antl temper  a t u r e  . ll.igh~ arc?ma t ic g a s o l i n e s  w e r e  o b t a i n e d  i n  t h e  
p r e s s u r e  r a n g e  1 7 5 0  t o  2500 psi ( T a b l e  111) A maximum y i e l d  o f  
7 7 5  of g a s o l i n e  was  o b t a i n e d  a t  500°C and 3000 p s i  p r e s s u r e  b u t  
t h e  h i g h e s t  q u a l i t y  p r o d u c t  c o n t a i n i n g  60% a r o m a t i c s  and  13% i so -  
p a r a f f i n s  was  f o r m e d  a t  450°C a n d  2000 psi  p r e s s u r e  w h i c h  c a n  c o m -  
p a r e  w e l l  w i t h  t h e  premium g r a d e  g a s o h n e  f r o m  p e t r o l e u m  ( T a b l e  IV). 

- K i n e  t i c :  s 

, 

E q u i l i b r i u m  was  reached a t  d i f f e r e n t  t i m e  p e r i o d s  a t  d i f f e r e n t  
t e m p e r a t u r e s  w i t 1 1  r r s p e . c t  t o  g a s o l i n e  f o r m a t i o n  b u t  t h e  c o n v e r s i o n  
w a s  100"; i l l  t h e  case .  o f  s u ' l f u r  and n i t r o g e n  r e m o v a l  (Figures 8 t o  
l o j .  The s u l f u r  and  n i t r o g e n  r e m o v a l  r e a c t i o n s  a r e  n o t  g o v e r n e d  b y  
thermodynamic: l i m i  t a t i . o n s  b u t  a r e  l i m i t e d  o n l y  b y  k i n e t i c  f a c t o r s  
under .  t h e  e x p e r i m e n t a l  c - o n d i t i o i l s  employer l .  P l o t s  of log v e r s u s  
t i m e  ( F i g u r e s  7 1  t o  lj), where  'talt  is t h e  e q u i l i b r i u m  c o n v e r s i o , n  i n  
c,ase o,f gaso l in r :  antl i n i t i a l  c o n c e n t r a t i o n  i n  case  o f  s u l f u r  and  
r i i t r o g e n , .  a rc  l i n e a r  antl the h y d r o c r a c k i n g  r e a c t i o n s  w i t h  respect 
t o  , o a s o l l n e  f o r m a t i o n  anti r e m o v a l  of s u l f u r  a n d  n i t r o g e n  a r e  a l l  
f i r s t - p r d e r  . 'P l i e  f i r s t . ; o r d C r  r a t e  c o n s t a n t s  a r e  t h u s  r e p r e s e n t e d  
b y  e q u a t j o r l s  1 t o  3 .  

i 
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E ks ( S u l f u r )  d ( S u l f u r ]  
d t  

m i  t r o g e n j  
d t  = k n  ( N i t r o g e n )  

where  l l k g , 1 7  rcks, l r  and t rkn lr  a r e  r a t e  c o n s t a n t s  f o r  g a s o l i n e  forma- 
t i o n  and  r e m o v a l  o f  s u l f u r  and n i t r o g e n  r e s p e c t i v e l y .  T h e r e  was no 
c h a n g e  i n  t h e  c o n c e n t r a t i o n  of  h y d r o g e n  i n  t h c  s y s t e m  d u r i n g  t h e  

I 

c o u r s e  of the r e a c t i o n  s i n c e  t h e  h y d r o g e n  p~ e s s u r e  w a s  m a i n t a i n e d  I 
, c o n s t a n t  t h r o u g h o u t  l l q d r o g e n  a t o m s  may b e  i n v o l v e d  i n  the  r a t e -  

d e t e r m i n i n g  s t e p  b u t  % h e  ir c o n c e n t r a t i o n  c o n s t i t u t e s  o n e  of the  
c o n s t a n t  f a c t o r s  i n  t h e  r a t e  c o n s t a n t  t e r m  and d o e s  n o t  show u p  i n  
t h e  r a t e  e q u a t i o n .  l l owever .  h y d r o g e n  a c t u a l l y  t a k e s  p a r t  i n  t h e  
h y d r o c r a c k i n g  r e x  t i n o s  dnd , h e n c e ,  @\he r e d c  t i o n s  a r e  c o n s i d e r e d  
p s e u d o - f  1 I st o r d e r  

I 
I 

The h y d r o c r a c k  i r i g  r e a c t i o n s  u n d e r  s t u d y  fo l low t r u e  A r r h e n i u s  
t e m p e r a t u r e  d e p e n d e n c e  ( F i g a ~ r e  14) and t h e  r a t e  c o n s t a n t s  c a n  b e  
r e p r e s e n t e d  b >  e q ? l a t i o n s  4 t o  6 .  

kg = 0 1567 x 1 0 6  e 17:600/RT h r s  ( 4  1 
( 5 )  
( 6 )  

14 500 /RT h r s  -1 

hn I 0 4 7 j E  x l o 5  E 15.900/RT hrs. . l  

k, = c? 2134 x L O 5  e 

The f o l l o w i n g  v a l u e s  c,f e n t h a l p i e s  and e n t r o p i e s  of a c t i v a t i o n  were 
c a l c u l a t e d  b y  tht E y r i  ng e q u a t i o r l  p l o t b n g  l og  k’/T v e r s u s  T ( F i g u r e  
1 5 )  

A H g  = 16,200 c a l  / m o l e ,  asg  = 4 3  5 e.u. 
A l l s  = 12,200 c a l  /mole, ASs = -44.9 e . u  

411, = 14,QOO c a l  /mole, ASn = 45 9 e - u .  , 
L i n e a r  r e l a t i o n s h i p  w a s  f o u n d  b e t w e e n  k g ,  k s ,  and k n  ( F i g u r e  1 6 )  
and c a n  b e  r e p r e s e r i t e d  by e q u a t i o n s  7 t o  9 

A m a j o r  p a r t  of  tile g a s o l  iiie is e x p e c t e d  t o  be fo rmed  b y  t h e  c r a c k -  
i n g  o f  h y d r o c a r b o n s ,  b u t  a m i n o r  p a r t  comes from t h e  d e c o m p o s i t i o n  
of  some of  t l l t  s l i l f u r ,  o x y g e n .  and  n i t r o g e n  compounds.  The y i e l d  
of g a s o l i n e  t h u s  tle.peritls, t o  some e x t e n t ,  o n  t h e  r e m o v a l  of s u l f u r  
and n i t r o g e n  a n d  t h i s  may r e s u l t  i n  some s o r t  o f  i n t e r r e l a t i o n s h i p  
b e t w e e n  k g ,  k s ,  and  k l l .  The d i s s o c i a t i o n  e n e r g i e s  of t he  C-C, C-S, 
and C-.X bonds  may a l s o  have  some i n f l u e n c e  o n  t h e  a b o v e  r e l a t i o n -  
s h i p ,  e s p e c i a l l > -  b e t w e e n  k, and k n .  However,  t h e  r e s u l t s  p r e s e n t e d  
i n  t h i s  p a p e r  do n o t  t h r o w  muc.li l i g h t  o n  t h e  e f f e c t  of o t h e r  t e m -  
p e r a t u r e  and p r e s s u r e  c o n d i t i o n s  and  e q u a t i o n s  7 t o  9 a r e  n o t  con- 
s i d e r e d  t o  b e  h a v i n g  much q u a n t i t a t i v e  s i g n i f i c a n c e  a t  t h i s  s t a g e .  



I 

33. 

The e n e r g i e s  and E n t h a l p i e s  of a c t i v a t i o n  i n d i c a t e  t h a t  c h e m i -  
c a l  r e a c t i o n s  b u t  n o t  p h y s i c a l  p r o c e s s e s  a r e  r a t e - c o n t r o l l i n g .  The 
p r o b a b l e  chemi c a  1 re. a c  t i o n s  oc c u r r . i n g  d u r i n g  h y d r o c r a c k i n g  are  
c r a c k i n g ,  . i s o m e r . i z a t i o n , .  h y d r o g e n a t i o n ,  p o l y m e r i z a t i o n ,  c o n d e n s a t i o n ,  
and d e h y d r o g e n a t i o n ,  a l l  t a k i n g  p l a c e  on  t h e  c a t a l y s t  s u r f a c e .  Under 
t h e  e x p e r i m e n t a l  c o n d i t i o n s  employed  p o l y m e r i z a t i o n ,  c o n d e n s a t i o n ,  
and d e h y d r o g e n a t i o n  a r e  v e r y  muc.h s u p p r e s s e d  a n d  may be e l i m i n a t e d .  
I t  h a s  been  e s t a b l i s h e d  by Weirz  and P r a t e r  ( 1 9 5 7 )  and Keu lemans  

I and Voge (19.59) t h a t  r e a c t i o n s  o c c u r r i n g  on a c i d i c  s i tes of t h e  
1 , d u a l - f u n c t i o n a l  c a t a l y s t ,  l i k e  t h e  o n e  used  i n  t h i s  i n v e s t i g a t i o n ,  ? a r e  r a t e - d e t e r m i n i n g  wh.ich e l i m i n a t e s  t h e  p o s s i b i l i t y  of h y d r o g e n a -  

t i o n  r e a c t i o n s  t o  b e  r a t e - . l i m i  t i n g .  Hence.  c r a c k i n g  r e a c t i o n s  
i n v o l v i n g  t h e  b r e a k a g e  o f  c h e m i c a l  b o n d s  and t h e  i s o m e r i z a t i o n  
r e a c t i o n s ,  wl!ere i n  s k e l e t a l  r e a r r a n g e m e n t  o f  c a r b o n i u m  i o n s  t a k e s  

I p l a c e ,  must  b e  r a t e - l i m i t i n g .  ' It is known t h a t  i n  c a t a l y t i c  h y d r o -  

! t i o n  of  t h e  c r a c k e d  f r a g m e n t s  occurs w i t h o u t  a n y  c h a n g e  of t h e  

1 9 6 0 ) .  An excess o f  b r a n c h e d  isomers t h a n  c a n  b e  p r e d i c t e d  b y  
the rmodynamic  e q u i l i b r i u m  a r e  a l s o  f o r m e d ;  t h e  l a t t e r  c a n  o n l y  
h a p p e n  i f  t h e  i s o m e r i z a t i o n  of t h e  c r a c k e d  f r a g m e n t s  c a n  o c c u r  
v e r y  r a p i d l y  and l e a v e  the c a t a l y s t  surface w i t h o u t  a p p r e c i a b l e  
r e a d s o r p t i o n .  T h a r e f o r e . ,  t h e  i s o m e r i z a t i o n  is b e l i e v e d  t o  be v e r y  
r a p i d  and c a n n o t  b a  r a t e - c o n t r o l l i n g .  HPnce, t h e  c r a c k i n g  reac- 
t i o n s ,  i n v o l v i n g  t h e  b r e a k a g e  of  c h e m i c a l  b o n d s  o n  t h e  c a t a l y s t  
surf a c e ,  a r e  r a  t e - d e  t e r m  i n i n g  . 

I c r a c k i n g ,  c r a c k i n g  p r e c e d e s  i s o m e r i z a t i o n  and o n l y  t h e  i s o m e r i z a -  

) u n c r a c k e d  m a t e r i a l  ( F l i n n ,  e t  a l e ,  1 9 6 0 ,  and A r c h i b a l d ,  e t  a l . ,  
,I 

) 

- A c  k no w l e d  Pmen t 

The r e s e a r c h  work r e p o r t e d  i n  t h i s  p a p e r  was s p o n s o r e d  b y  t h e  
U. S .  O f f i c e  of  C o a l  R e s e a r c h  and  t h e  U n i v e r s i t y  of U t a h .  

, 
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T a b l e  1, P r o p e r t i e s  o f  Feed M a t e r i a l  

sp. g r .  ( 2 5 0 C !  
T a r  a c i d s ,  v o l  % of  f e e d  
T a r  b a s e s ,  w t .  % o f  f e e d  
S u l f u r ,  w t .  % of f e e d  
h i t r o g e n ,  w t .  % o f  f e e d  
D i s t i l l a t i o n  d a t a  

1 . B  P , O C .  
50% d i s t i l l a t e  
P i t c h  p o i n t  
R e s i d u e ,  vole % of f e e d  

H y d r o c a r b o n  t y  e s  i n  n e u t r a l  
f r a c t i o n  200' t o  360°C, v o l a  % 

S a t u r a t e s  
O l e f i n s  
A r o m a t i c s  

0 " 9 9 4 2  
30 .o  

3 . 5  
0 . 6 9 8 4  
0 . 4 0 1 8  

200 
298Oc 
360°C 

3 0 . 0  

3 2 . 0  
1 9 . 0  
4 9 . 0  

I' 

I 
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T a b l e  11. I n f l u e n c e  of T e m p e r a t u r e  on P r o d u c t  D i s t r i b u t i o n  
( P r e s s u r e ,  1 5 0 0  psi) 

Temp. (OC.) 4 0 0  
’ R e a c t i o n  T i m e ,  hrs. 1 3  

Y i e l d ,  v o l .  % o f  
f e e d  

G a s o l i n e  
Diesel o i l  
T a r  a c i d s  
T a r  b a s e s  
R e s i d u e  
G a s  ( i n c l u d i n g  

S u l f u r ,  w t .  Z 
o f  f e e d  

N i t r o g e n ,  w t  
% o f  f e e d  

l o s s e s )  

4 5 . 0  
3 5 . 0  

2 . 0  
1 . 0  

1 2 . 0  

4 . 5  

0 . 0 4 8 9  

0 . 0 9 2 4  

C o m p o s i t i o n  of  
g a s o l i n e ,  v o l .  % 

Aroma t i c s  3 3 . 5  
Ka ph t h e  n e s  1 0 . 0  
O l e f i n s  2 . 0  
I s o p a r a f f i n s  2 5 . 5  
K - p a r a f f i n s  2 9 . 0  
Diesel i n d e x  of 

d i e s e l  o i l  4 0 . 0  

4 2 5  
1 2  

5 1 . 0  
2 9 . 0  

1 . 0  
0 -  5 

1 2 . 0  

6 . 5  

0 IO210 

0 . 0 4 4 2  

3 5 . 0  
9 . 0  
3.0 

2 6 . 0  
2 7 . 0  

3 7 . 5  

450  
10 

5 6 . 0  
2 4 . 0  

1 3 . 0  

7 . 0  

0 . 0 1 4  

0 . 0 3 2 1  

3 4 . 0  
1 0 . 5  

2 . 0  
2 6 . 0  
2 7 . 5  

3 4 . 0  

4 7 5  
8 

6 1 . 0  
2 0 . 0  
I 

- 
1 1 . 5  

7 . 5  

0.0135 

0 . 0 2 0 1  

3 2  - 0 
1 0 . 0  

2 . 0  
2 7 . 0  
2 9 . 0  

3 1 . 0  

500 
5 

6 4 . 0  
1 6 . 0  - 
- 

1 2 . 0  

8 . 0  

0 . 0 1 3 6  

0 . 0 1 6 3  

3 3 . 0  
1 0 . 0  

4 . 0  
2 5 . 0  
2 8 . 0 ,  

2 8 . 0  

- I s o b u t a n e  
Pi-butane 1 . 0  1 , 2 5  1 - 4 5  1 . 5 1  1 . 7 5  
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1 CERAMIC FgRNACE 
2 L I Q U ' 3  S A M P L l h G  TCBE 
3 GAS S A M P L I N G  TLBE 
4 THERMOMELL 

6 C O O L l h G  JLCKET 
7 MAUP-ETiC DRIVE ASSEMBLY 
8 SHAFT 
9 IMPELLER 

5 COOLING CClL 

Figure 1. Assembly of equipment 
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F i g u r e  2 .  E f f e c t  o f  tempera ture  on p r o d u c t  d i s t r i b u t i o n  
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Reac t ion  t ime,  13 h rs .  a t  4OO0C. ,  1 2  h rs .  a t  4 2 5 " C . ,  

IO h r s .  a t  4 5 O o C . ,  8 h rs .  a t  47S°C., 
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F i g u r e  3. E f f e c t  o f  p r e s s u r e  on p r o d u c t  d i s t r i b u t i o n  
R e a c t i o n  t i m e ,  13 h r s .  a t  4 0 0 o C .  

IO h r s .  a t  4 5 0 O C .  
5 h r s .  a t  50OoC.  
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Figure  4. Effect of pressure on product distribution 

Reaction time, 13 hrs. at  400 C 
10 hrs. at  450 C 
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Figure 5. Effect of pressure on the yield of gasoline and 
hy'drocarbon types - Temperature, 400 C 

In 
w a 
t. 
I- 

z 
0 a 
(z a 
0 
0 $ a  
c3 J> 

0 1  
'4 

z 
0 

a 
(3 

w 

1 

In 

5 0  

4 0  

3 0  

2 0  

10 

2 

3 
4 

5 

01 
1000 1500 2000 2500 3000 

PRESSURE, PSI 

Figure 6. Effect of pressure on the yield of gasoline and 
hydrocarbon types - Temperature, 450 C 
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Figure 7. Effect of pressure on the yield of gasoline and 
hydrocarbon types - Temperature, 500 C 
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Figure 8. Effect of reaction time on gasoline formation 
Pressure, 1500 psi 
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F i g u r e  9. ' E f f e c t  o f  r e a c t i o n  t i m e  on d e s u l p h u r i z a t i o n  
Pressure ,  1500 p s i .  
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Figure 10. Effec t  of reaction time on denitrogenation . .  

Pressure, 1500 psi 

. . . . . : .  .. . . .  
. . .  . .  

/ 

. .  . . .  ,, , , , ' , . . _ .  , ' .  . . ' , . _ :  
' ' 



44. 

2.0 I 

1.2 - 
0 

2 1 . 0 -  

0.8 i 

TIME, HRS 

Figure Y. Plot of first-order equation f o r  gasoline formation 
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Figure 12. Plot of first-order equetion for desulphurization. 
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F i g u r e  13.  P l o t  o f  f i r s t - o r d e r  e q u a t i o n  f o r  d e n i t r o g e n a t i o n  
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Figure 14. Arrhenius plot for gasoline formation, 
deeulphurization and denitrogenation 
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Figure 15. E y r i n g  plot for gasoline formation, 
desulphurization and denitrogenation 
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F i g u r e  16. R e l a t i o n s h i p  between r a t e  c o n s t a n t s  
P ressu re ,  IS00 p s i .  
Temperature,  400°, 4 2 5 O ,  450°, 475' and 50OoC.  
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DELAYED COKING OF LOW-TEMPERATURE LIGNITE PITCH 

John S. Berber ,  Richard L. Rice,  and Robert  L. Lynch 

U. S. Department of the Inter ior ,  Bureau of Mines, 
Morgantown Coal Research  Center,  Morgantown, West Virginia 

This paper i s  one of a s e r i e s  on the upgrading and utilization of various low- 
temperature  t a r  fractions.  Previous publications gave details  on the preparation 
of biodegradable detergents  f rom the olefin f ract ion (i), phthalic and maleic anhy- 
dr ides  from the neutral  oil  ( 3 ) ,  and carbon electrode binders f rom the thermal  - 

,cracking of the pitch (A) .  

Processing of petroleum residuals  by delayed coking has  been practiced 
commercially for  a number of yea r s  (a). 
out on coke oven pitch ( 7 )  and a low-temperature t a r  topped to a temperature  of 
425"  F ( 4 ) .  - 
temperature  t a r  pitch,  

Pilot-plant studies have a l so  been car r ied  

- 
We believe this is the f i r s t  effort  to extend delayed coking to a low- 

MATERIAL, EQUIPMENT, AND PROCESS DESCRIPTION 

\ The t a r  was produced by the Texas Power & Light Company f rom a Texas 
lignite carbonized at 950" F i n  a fluidized bed. The pitch used in this study was 
obtained by distilling the crude tar under vacuum to a n  atmospheric  boiling point 
of 630" F and amounted to 45 percent  of the ta r .  
of the pitch a r e  given in Table 1. 

\! Chemical and physical propert ies  

The delayed coking apparatus  consis ts  of a s tee l  d rum (C,  see  Figure 1)  j\ 

I fabricated f rom a 5-foot length of 8-inch carbon s teel  pipe. 
a t  the top and bottom ends to make the removal of the coke and cleaning easy. 
Coke removal is facil i tated by use  of a tilting drum. 
electrically (15.6 KW max).  
length of 8-inch carbon s teel  pipe and a cone, with a 1/2-inch coupling at the apex, 
is  welded to the bottom of the 8-inch pipe and the top is open. 
electrically heated by a 1. 8 KW heater ,  

The drum is flanged 

Ii The coking drum is heated 
The pitch feed tank (A)  was made f rom a 15-inch 

I The pitch tank is 

I 
I 

The pitch to be coked is ground and liquified in the pitch feed tank by heating 
to 400"  F. 
dr iven by an electr ic  motor and hydraulic speed control  ( J ) ,  and i s  pumped through 
the pitch line preheater  (F)  which r a i s e s  the temperature  to about 485" F. 
pitch is then fed to the delayed coking drum (C)  which is maintained a t  the desired 
coking temperature .  
the volatile ma t t e r s  a r e  dr iven off. The volati les a r e  fed to an o i l  and gas  con- 
denser  (D) and oil  is collected in the bottom of the separator  ( E ) ,  and the g a s  is 
water scrubbed (H).  The gas  is then metered (G)  and vented. 
tied into the pitch system in such a way that the pitch can be flushed out of the pump 
with a crude t a r  dist i l late fraction. 
ing prevents pitch solidification and simplifies r e s t a r t .  

The liquid pitch flows to the pitch feed pump (B),  a sma l l  gear  pump 

I 
The 

The pitch remains in the coking drum for  severa l  hours  while 

A small  tank ( K )  is 

Flushing the pump with crude tar before cool- 

A photograph of the apparatus  is given in Figure 2.  
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The oi l  f rom the separa tor  is vacuum disti l led to about 750"  F which yields 
an aromatic-r ich disti l late and a residue. The disti l late can be catalytically oxi- 
dized to phthalic and maleic  anhydrides while the residue, pitch, can be used a s  a 
binder for  carbon electrodes,  road paving, roofing, o r  piping mater ia l ,  depend- 
ing on its specifications, such a s  softening point, carbon-hydrogen ratio,  hydrogen 
content, and coking value. 

RESULTS AND DISCUSSION 

This investigation was  conducted a t  t empera tures  f rom 800" t o  1 ,2004 F and 

This increase in yield is due to the higher degra-  
a t  atmospheric pressure .  
percent  a t  1 , 2 0 0 "  F (Figure  3).  

,dation of the feed pitch at  elevated temperatures .  
smoother ,  and char-l ike a t  800" F, while a t  1 ,20O0.F the coke had the s i lver-  
grey  color typical of coke (F igures  4 and 5). 

The coke yield ranged f r o m  25 percent a t  800" F to 45 

The product appeared darker ,  

The ash content of the coke, a s  shown in Figure 6 ,  was the same over the 
en t i re  range of coking tempera tures .  
was constant a t  a l l  t empera tures .  

The i ron  content of the coke (Figure 7 )  also 

The sulfur content of the coke decreased slightly with the increasing tem- 
pera ture ,  Figure 8, indicating that,  at higher temperatures ,  m o r e  of the sulfur 
was being converted to gas .  It h a s  been reported that delayed coke can be used 
a s  fuel f o r  generating e lec t r ic  power (2). 
this coke, 0.80 percent,  should make it especially a t t ract ive a s  a fuel in  view of 
present  air pollution s tandards.  

The relatively low sulfur content of 

The coke obtained f r o m  this process  can  also be calcined and used as aggre-  
gate in the production of metal lurgical  e iectrodes,  although the a s h  is slightly 
higher than the ash of petroleum coke which is current ly  used. 
have an ash content below 0 .5  percent  in the coke. 
weight when calcined to 2, 000"  F. 

It i s  desirable  to 
The coke loses  15 percent  by 

The oi l  yield i s  a function of coking temperature  and var ied from 43 percent 

This 
of the feed pitch a t  800" F to 17 percent a t  1 ,200"  F (Figure 3). The specific 
gravity of the oil was about 0 .95  at  800" F and 1.18 a t  1, 200" F (Figure 9) .  
oi l ,  when distilled to 720" F,  gave a disti l late containing from 15 to 25 percent 
combined acids  and bases  with the remainder  consisting of a neutral  oil. 
F. I. A. analysis of a typical neutral  oi l  showed 89. 2 percent  aromatics ,  6 . 9  p e r -  
cent  olefins, and 3.9 percent  paraffins.  The vapor-phase catalytic oxidation of 
the neutral  oil yielded bet ter  than 30 percent  phthalic and maleic  anhydrides. 
dist i l lat ion residue from the oil proved to be a suitable binder for  metallurgical 
e lectrodes.  A detailed evaluation of i ts  use a s  a binder,  a s  well as the coke a s  
a n  aggregate,  is in p r o g r e s s  and will be reported in a future publication. 

The 

The 

The gas  yield was 17 percent  a t  800" F and increased to 39 percent  a t  
1 ,  200" F (Figure 3 ) .  
ra t io  i s  shown in Figure 10. 
cracking. 

d e c r e a s e  in the methane-to-hydrogen ratio (shown in Figure  11). 
f r o m  8: 1 a t  800" F to about 2:l a t  1, 150 O F. 
950" F is  given in Table LI. 

The effect of coking temperature  on the ethylene-to-ethane 

In addition, an increase  in coking temperature  i s  accompanied by a 
This is probably due to dehydrogenation and thermal  

This ra t io  drops 
A typical analysis of gas  obtained a t  
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CONCLUSIONS 

This work has  shown that the commerc ia l  value of lignite pitch is increased 
by coking. The coking operation yields three  products:  oil, gas,  and coke. The 
oil upon distillation i s  a valuable chemical intermediate.  The coke could be used 
a s  an aggregate for  metal lurgical  e lectrodes,  other  graphite products. a i d  as a 
low-sulfur fuel. The gas  is a possible substitute for  natural  gas  o r  a source of 
hydrogen if subjected to a s team reforming process .  
recovered &om the gas  s t r eam and used a s  a r aw mater ia l .  

Ethylene could a l so  be 
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. 

Table I . Proper t ies  of Pi tch Feed  

Ultimate analysis:  As received 
Carbon. % . . . . .  1 . . .  84.72 . 
Hydrogen. 7 0  . . . . . . . . . .  8.53  . .  
Nitrogen. 70 . . . . . . . . .  0.87 . .  

Sulfur. 70 . . . . . . . . . .  0.90 
Chlorine. 7 0  . . . . . . . . .  0.01  
Moisture. 7 0  . . . . . . .  : . 0.00.' . .  

Oxygen. 70 . . . . . . . . . . .  4.62  

Flash  point. F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Softening point (R & B) glycerin.  C . . . . . . . . . . . . . .  
Softening point (cube in  glycerin).  . C . . . . . . . . . . . . . .  
Penetration at 7 7 "  F. 100 grams.  5 seconds . . . . . . . . .  
Ash.  70 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Water. % ................................. 
Ductility. c m  a t  77 F . . . . . . . . . . . . . . . . . . . . . . . . .  
Bitumen. soluble in CS, ....................... 
F r e e  carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Distillation : 

TO 3OO.C.  70 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Softening point of res idue (R & B). C . . . . . . . . . . . . .  
Sulfonation index of dist i l late to 300" C . . . . . . . . . . .  

. .  
Specific gravity.  25 ~ / 2 5 0  c ................... 1 . .  

Conradson carboni., TO'., .......................... 

510 
90 
105 
0 
1.128 
0 .35  
0.00 
0 
78.80 
20.85 

6 .40  
90 
0 
20.81 

I 

. 
Table LT . Composition of Gas at a Coking 

Temperature  of 950"  F 

Component Volume -percent 

co. . . . . . . . . . . .  0.74  
co . . . . . . . . . . . .  4 .91  
H. . . . . . . . . . . . .  7.67 
CH. . . . . . . . . . . .  43.83 
C2% . . . . . . . . . . .  13.97 
C2H4 . . . . . . . . . . .  9.94  
C.H. . . . . . . . . . . .  13.54 
C.'. . . . . . . . . . . .  5.40  
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n t 
Gas 

Water 

7 
A .  Pitch feed tank Oil  

Water 

B . Pitch feed pump 
C . Delayed coking drum 
D . Gas and oil cooler 
E . Oil separator 
F . Pitch line preheater 
G . Wet test meter 
H . Gas water scrubber 
I . Scrubber seal pot 

J - Hydraulic speed control 
K . Pump flushing oi l  tank 

FIGURE 1 .  - Flowsheet of Delayed Coking P r o c e s s .  

FIGURE 2. - The Delayed Coking Apparatus. 
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FIGURE 3.  - Effect of T e m p e r a t u r e  on Product  Distribution. 

FIGURE 4. - Coke at the Top End of the Drum. 
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FIGURE 5. - Coke a s  Taken F r o m  Drum. 
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FIGURE 6. - Coking T e m p e r a t u r e  vs. Ash Content of Coke. 
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FIGURE 7. - Coking T e m p e r a t u r e  vs. I r o n  Content of Coke. 
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FIGURE 8. 

0.5 t 1 
800 900 1,000 1,100 1,200 

COKING TEMPERATURE "F 

- Coking Temperature  vs .  Sulfur Content of Coke. 
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FIGURE 9. - Effect of Temperature  on  Specific Gravity of Product Oil. 
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FIGURE 10. - Effect of Temperature on Ethylene-to-Ethane Ratio. 
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FLUORODINITROETUNOL AND DERIVATIVGS" 

Henry J. Marcus 

Aerojet-Ceneral  Corporation, Azusa, Ca l i fo rn ia  

In t roduct ion  

The chemistry of 2-fluor0-2,2-dinitroethanol has been inves t iga ted  f o r  tho pas t  
s eve ra l  years,  and i t  is a p r i v i l e g e  t o  present some of this ma te r i a l  at  t h i a  time. 
This paper presents  a 31.1nmary of a process eva lua t ion  study, and much of t h e  chemistry 
involved w i l l  be repor ted  i n  g r e a t e r  d e t a i l  by t h e  o r i g i n a l  au thors  i n  the  coming 
months. It may be s t a t e d  a t  t h e  o u t s e t  that t h e  chemistry of fluorodinitromethyl 

,compounds shows marked s i m i l a r i t y  t o  t r i n i t rome thy l  o r  e - d i n i t r o m e t h y l  compounds, 
which a r e  well-known i n  t h e  l i t e r a t u r e o  

Synthesis of 2-Fluoro-2.2-dinitroethanol . 

One prepara t ive  method f o r  2-fluoro-2,2-dinitroethanol (FDNE) is based on tho 
f luo r ina t ion  of the  aci-sodium sa l t  of d in i t roe thano l  

NO,@Na@ 
n L  :02 

N02 

F2(or C103F) + C - CH20H FC CH20H 
I 

NO2 

I 

The s t a r t i n g  ma te r i a l  fcr  React ion (1) i s  prepared i n  situ by t h e  deformylation of 
2,2-dinitro-l,Fpropanediol with one mole of base 

y 2  N02%a@ n 

+ NaOH C CH20H 

N02 

11 

Compound I1 i s  preferab ly  prepared by the  oxida t ive  n i t r a t i o n  of Z-ni t ro- l ,Fpro-  
panediol (Reference 1). 
from t h e  aqueous r e a c t i o n  mixture  with e t h y l  o r  isopropyl ether, followed by an ex- 
t r a c t i o n  of the  e the r  s o l u t i o n  wi th  aqueoue base,  which converts I1 t o  the aci-sodium 
e a l t  of d in i t roe thanol .  Although o the r  methods of prepara t ion  of I1 a r e  known, tho 
rou te  shown was the  one of choice. 

I1 is not i so l a t ed ,  bu t  i s  p a r t i a l l y  pu r i f i ed  by ex t rac t ion  

Conversion of I1 t o  FDNE w a s  ca r r i ed  out by in t roducing  f l u o r i n e  gas, d i lu t ed  
1:l with nitrogen, i n t o  the  ahueoue so lu t ion  of t he  aci-sodium salt  at 15  t o  25O 
(Reference 2). 
and that s t a i n l e s a  s t e e l  gas- in le t  tubes with open ends of 1/4 or 3/8 in., o r  with 
var ious  hole a izee  of 0.016 t o  0.040, a r e  e a t i s f a c t o r y  in a 50-liter vessel.  
amaller t h e  diameter of t h e  ho le s ,  however, t he  more f requent ly  were they occluded 
by soaim f luor ide .  

I t  was found that e f f i c i e n t  d i spe r s ion  of t h e  f l u o r i n e  i s  eseen t i a l ,  

T h  

A r ap id  i n j e c t i o n  of water served t o  remove t h e  obstruction. 

This r epor t  ie based on work supported,  i n  l a r g e  p a r t ,  by t h e  AEC through t h e  
Lawrence Radiation Laboratory of t h e  Univers i ty  of Cal i forn ia .  
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Y i e l d s  of 60 t o  7046 of FDNE were general ly  obtained, although about l& Of the  
t h e o r e t i c a l  quant i ty  of f l u o r i n e  was consumed. 
c r i t i c a l  f a c t o r ,  so long as it was maintained at  or ab&e the 7.5 t o  8.0 level .  The 
same r e s u l t s  were obtained whether the pH w a s  maintained a t  8.0 or whether f luorina-  
t i o n  was begun a t  a pH of about 11, and the  s o l u t i o n  allowed t o  go acid;  i n  the 
l a t t e r  case,  however, i t  was sometimes necessary t o  add alkali and t o  continue the  
f l u o r i n a t i o n  

The pH of the  s o l u t i o n  w a s  not a 

Ethyl  e ther  was found t o  be very e f f i c i e n t  i n  e x t r a c t i n g  F D N E  f r o a  t h e  aqueous 
f l u o r i n a t i o n  m i x t u r e .  
FDNE. 
i d e n t i f i e d  a s  2,2,4,4-tetranitro-1,5-pentanediol (Reference 3). 
r a t h e r  s i g n i f i c a n t  quant i ty  (3 t o  5 percent)  from an e t h e r  e x t r a c t  of FINE, from a 
batch i n  which most of the F D N E  had previously been ex t rac ted  with methylene 

' In  a c t u a l  p r a c t i c e ,  sodium chlor ide i s  added t o  decrease the  s o l u b i l i t y  
of FDNE i n  t h e  aqueous medium, and methylene chlor ide,  with a f a r  less favorable dis- 
t r i b u t i o n  c o e f f i c i e n t  than e t h e r ,  i s  used as the ex t rac tan t .  The crude product o b  
ta ined by removing the  solvent  is general ly  80 t o  90 mole-percent pure, as analyzed 
by gas chromatography. 

However, it tends t o  e x t r a c t  some impur i t ies  along with tho 
For example, one of t h e  contaminants found i n  t h e  f l u o r i n a t i o n  of 11 was 

It was  obtained i n  

,chloride.  

An a l t e r n a t e  method f o r  preparing FDNE c o n s i s t s  of t h e  f l u o r i n a t i o n  of nitroform, 
followed by reduction with a l k a l i n e  peroxide and t h e  Henry r e a c t i o n  with formaldehyde 
(References 2 and 4). 

I11 

FC(N02)3  + H202 + HCHO - F D N E  
O I P  

(4) 

3 

The f l u o r i n a t i o n  of nitroform is car r ied  out  under condi t ions similar t o  those des- 
cr ibed f o r  t h e  aci-sodium salt  of d in i t roe thanol ,  but  the  y i e l d s  a r e  superior  (80 t o  
9Q% of theory),  and the i s o l a t i o n  of the product presents  l i t t l e  d i f f i c u l t y ;  I11 is 
e s s e n t i a l l y  inso luble  i n  water. and, following mild washing, is obtained i n  98 
mole-percent p u r i t y  (gas  chromatography). 
sented by t h e  emulsified i n t e r f a c e ,  but this problem can be overcome by vacuum f i l -  
t r a t i o n  and water-washing. 
pared by the alkaline-peroxide reduction of te t rani t romethane,  and f luor ina ted  
&; i n  this case,  y i e l d s  of I11 from 65 to  7 6  (based on te t rani t romethane)  a r e  
obtained. 

A s l i g h t  source of d i f f i c u l t y  is  pre- 

Nitroform s t a r t i n g  mater ia l  may, i f  necessary. be pre- 

The route  shown i n  (4) w a s  discovered by workers a t  t h e  U,S. Naval Ordnance 
Laboratory and s u b s t a n t i a l  improvements s i n c e  then, pr imari ly  by NOL, have made t h e  
process a very a t t r a c t i v e  one. 
i n  a lka l ine  medium with a 20$ excess of hydrogen peroxide and formaldehyde, gives  
y i e l d s  of 90$ FDNE i n  95 mole-percent puri ty .  
aqueous methanol i n  order  t o  enhance the  s o l u b i l i t y  of FM i n  t h e  reac t ion  mixture, 
or, a l t e r n a t i v e l y ,  a surface-act ive agent such a s  sodium p t o l u n e s u l f o n a t e  or T r i -  
ton X-lOO+, may be added t o  achieve the 'same result. The l a t t e r  method is particu- 
l a r l y  advantageous when i t  is  desired t o  use the  so lu t ion  of F D N E  i n  the methylene 

The reduction of 111, when car r ied  out at  -5 t o  -1OOC 

The reac t ion  can be e f fec ted  i n  

h a l k y l  phenoxy polyethoxyethanol ( R o b  & Baas CO.) 
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ch lo r ide  ex t r ac t an t  without o ther  hydroxyl-containing impur i t i e s ;  water alone i s  
r e a d i l y  removed from t h e  so lu t ion ,  bu t  a s i g n i f i c a n t  quant i ty  of methanol, together 
wi th  the  a t t endan t  water,  p re sen t s  a more ted ious  problem. 

Phys ica l  Charac t e r i s t i c s  of FDNE 

Fluorodin i t roe thanol  i s  a mobile, c o l o r l e s s  l i q u i d ,  b.p. 5 3 O  a t  1 mm Hg, 
m.p. 9 t o  10-1/2°C. 
w i th  very minor decomposition (much less than I$), but t h a t  s l i g h t  decomposition does 
occur i s  ind ica ted  by small depos i t s  of paraformaldehyde. 
1.4330 (n2 j ) .  
Values of i t s  s e n s i t i v i t y  t o  impact o r  shock are no t  very cons i s t en t ,  but c e r t a i n  evi- 
dence suggests that caut ion  is i n  order.  
i n  methylene ch lor ide  had an impact s e n s i t i v i t y  Of l e s s  than 10 cm compared to 50 cm 
f o r  neat FDNE (Olin Mathieson Tes te r ,  2 Kg weight, 5& poin t ;  n-propyl n i t r a t e  = 

Its dens i ty  i s  1.54 g/cc a t  25OC. I t  can b e  vacuum-distilled 

Its r e f r a c t i v e  index is 
I t  i s  a ve ry  s t rong  ves i can t ,  and s k i n  contac t  i s  to  be avoided. 

For example, a 70 weight-percent so lu t ion  

k cm). 
Analysis of FDNE 

Analysis of FDNE may be  based on seve ra l  c r i t e r i a ,  of which pu r i ty  by gas- 
chromatography is perhaps t h e  most usefu l .  
wi th  a 6-ring polyphenyl e t h e r  column i n  an Aerograph A90 gas chromatograph. A n  
Aerograph Model 325 temperature programmer was a t tached  t o  the  oven hea te r ,  and by 
programming from 90 t o  14OoC a t  6OC/min, very s a t i s f a c t o r y  separa t ion  of components 
w a s  ackieved. 

Consistent r e s u l t s  have been obtained 

FDNE may a l s o  be analyzed by measuring i ts  absorbancy i n  d i l u t e  aqueous base a t  
382 q ~ .  For pure FDNE, l o g  c = 4.27. T h i s  determination must be made on f r e s h  solu- 
t i o n s ,  a s  t h e  anion of f luorodin i t romethane  r e a c t s  wi th  hydroxide ion. 

A t h i r d  method o f  a n a l y s i s  was developed by t i t r a t i o n  of FDNE i n  a c e t o n i t r i l e  
with 0.1N tetrabutylammonium hydroxide. Under t hese  condi t ions ,  FDNE t i t r a t e d  as a 
d ibas i c  a c i d ,  giving a s i n g l e ,  s h a r p  i n f l ec t ion .  

Synthes is  of Q( 2-Fluoro-2,2-dinitroethoxy)methane 

One of t h e  more in te - .es t ing  de r iva t ives  of FDNE is  its formal,  &(2-fluoro-2,2- 
dinitroeth0xy)methane (FEFO)  (Reference 5). 
formation f a i l  with e l ec t ronega t ive ly  subs t i t u t ed  a lcohols  such as t r in i t romethyl ,  
B - d i n i t r o ,  and f luorodin i t romethyl  compounds, recourse  was had t o  a method f i r s t  
developed a t  NOL (Reference 6 ) ,  involv ing  the  use of concentrated s u l f u r i c  ac id  a s  
the  r eac t ion  medium 

Since  conventional methods of aceta/l 

2x FC(N02)2CH20H + (HCHO)x x [FC(N02j2CH20] iCH2 (5 )  
‘2”4 

I V  (FEFO) 

Under these  conditions,  FEFO i s  produced i n  70 t o  9C$ y ie lds .  
venien t ly  be ca r r i ed  ou t  by  adding concentrated s u l f u r i c  ac id  slowly t o  a so lu t ion  of 
FDNE and e-trioxane i n  methylene ch lo r ide ,  but many v a r i a t i o n s  y i e l d  equal ly  satis- 
f a c t o r y  r e s u l t s .  
ch lo r ide  may be replaced by a similar so lvent ,  o r  t h e  r e a c t i o n  may be e f fec ted  with- 
out t h e  use  of organic s o l v e n t  by adding FDNE t o  a s o l u t i o n  of formaldehyde (from 
e i t h e r  t r ioxane  o r  paraformaldehyde) i n  s u l f u r i c  acid.  
t o  assist i n  the  i s o l a t i o n  and p u r i f i c a t i o n  of t h e  product. 

The r eac t ion  may con- 

I n  p lace  of t r ioxane ,  paraformaldehyde may be used, and the methylene 

A so lven t  may then be employed 
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The e f f e c t s  of a n  excess of formaldehyde or an excess of FDNE on the y i e ld  and 
pu r i ty  of FEFO were assessed i n  a series of runs i n  which t h e  molar r a t i o s  of FDNE 
t o  formaldehyde were 2.5:1.0, 2.0:1.0, and 1.5:1.0, respec t ive ly .  

ac id  i n  place of t h e  usua l  95 t o  98$ acid. 

An addi t iona l  run 
I was made a t  the  2.0:l.O r a t i o ,  i n  which t h e  condensation medium was loo$ s u l f u r i c  

The r e s u l t s  are summarized i n  Table 1. 

TABLE 1 

VARIATION OF REACTANT RATIO I N  FEFO SYNTHESIS 

Case Molar Ratio,  
No. FDNE:HCHO $ FEFW - 
1 2.5:'l.O 99.2 

' 2 2.0:1.0, conc ~ 2 ~ 0 4  98.2 
3 2.0:1.0, IO& ~ 1 2 ~ 0 4  98.9 
4 1.5:l.O 93.6 

$ Impurity of 
Higher CC 

Retention Time % Yield 

0.8 88.0 
1.8 82.9 
1.1 79.0 
6.4 83.5 

CC assay 

I t  i s  apparent t h a t  the reagents i n  s to ich iometr ic  r a t i o  w i l l  y i e l d  good FEFO very 
e f f ec t ive ly ;  that t h e  higher p u r i t y  FEFO obta inable  w i t h  1@ s u l f u r i c  ac id  may com- 
pensate f o r  the  use  of s l i g h t l y  less pure FDNE; and t h a t  even a 25% excess of formal- 
dehyde can be to l e ra t ed ,  provided p u r i f i c a t i o n  wi th  s u l f u r i c  a c i d  is added t o  the 
process (see below). 

A s e r i e s  of runs ( a l l  wi th  molar r a t i o  2.0:l.O) i n  which t h e  r eac t ion  tempera- 
ture w a s  maintained f o r  two hours a t  0 to  1 0 ° C ,  20 to  25'C. and 35 t o  4OoC, gave 
y i e l d s  of 87.3, 87.8, and 84.M FEFO, r e spec t ive ly ,  a l l  of i d e n t i c a l  qua l i ty .  
run at  the highest  temperature w a s  c a r r i ed  out pr imar i ly  t o  determine w h a t ,  i f  any- 
th ing ,  might occur i f  t he  r eac t ion  went out of control.  S ince  methylene ch lor ide  
served a s  the  organic so lvent  i n  these  runs,  i t  apparently served to  cont ro l  the exo- 
therm. 
ac t ion  temperatures from 0' t o  a t  least 25'C. 

The 

T h i s  series f u r t h e r  showed that product y i e l d  and p u r i t y  are unaffected by re- 

I n  prac t ice ,  the  preparation of FEFO can b e  ca r r i ed  out conveniently by usipg the 
so lu t ion  of FDNE i n  methylene ch lor ide  d i r e c t l y ,  without i s o l a t i n g  t h e  FDNE, although 
the  so lu t ion  i s  genera l ly  d r i ed  by passing through a s i l i c a  ge l -Dr ie r i te  column, and 
a portion of t h e  so lvent  i s  removed by d i s t i l l a t i o n  t o  avoid handling excessive 
volumes. The r e q u i s i t e  amount of e-trioxane is then added t o  t h e  so lu t ion ,  and con- 
cent ra ted  s u l f u r i c  ac id  (approximately 1 m l  a c id  per  gram of FDNE) is  then added d r o p  
wise with good a g i t a t i o n  a t  20 t 5'C. The r e a c t i o n  mixture i s  s t i r r e d  an adq i t iona l  
1 t o  2 hours, and t h e  methylene ch lor ide  (upper) l a y e r  i s  separatod. 
i s  then washed countercur ren t ly  or batchwise with 5s aqueous sodium hydroxide, and dr ied  
by percola t ion  through a column of s i l i c a  ge l .  
l eaves  the product as a clear, co lo r l e s s  l i q u i d ,  genera l ly  90 t o  98 mole-percent pure, 
as analyzed by gas chromatography. 

The FEFO so lu t ion  

Removal of the so lven t  under vacuum 

The contaminants i n  FEFO gene ra l ly  c o n s i s t  of s eve ra l  products of lowor CC re- 
tention-times, and on. or two of higher r e t en t ion  times.* The la t te r  have been 

Referred to ,  for convenience, as "high-boilers" 
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i d e n t i f i e d  (Reference 7) as t h e  FEFO analogs with two and three  methy’leneoxy chafns 
i n  t h e  molecule, respect ively.  

V VI 

Compounds V and V I  seem t o  arise whenever the  condensation medium i s  contaminated with 
water. I f  one i s  aware of this beforehand, t h e  problem can be overcome by the  u s e  of 
fuming s u l f u r i c  acid,  as shown i n  Table 2. 

1 

4 
TABLE 2 

EFFECT OF DILUTION WITH WATER ON FEFO SYNTHESIS 
, 

~o10-s Components 
Case wi th  lower CC 
- No. Condi t ions  r e t e n t i o n  time $ FEFO $ *ah-boilers $ Yield 

5 Standard* 3.6 93.4 3-0 92.5 
6 IO$ H20 added t o  PDNE 4.3 44.7 51.0 83.6 
7 A s  i n  93, with 20-29 2.9 93.4 3.7 77.7 

fuming &SO4 i n  place of 
conc. H SO 2 4  

2.0 moles of FDNE ( d i s t i l l e d )  per  mole of formaldehyde 

Resul t s  s i m i l a r  t o  those of Case No. 6 are  obtained whenever the FDNE-methylene chlorido 
s o l u t i o n s  are inadequately dr ied.  

i 

I f  t h e  FEFO product is  still too highly Contaminated with V and/or V I ,  pur i f ica-  
t i o n  may be e f fec ted  by low-temperature c r y s t a l l i z a t i o n  from methylene chlor idchexane 
i n  a tedious,  somewhat wasteful  procedure, or by a g i t a t i o n  with concentrated s u l f u r i c  
ac id .  Resul t5  from the l a t t e r  t reatment  a r e  presented i n  Table 3. m 

TABLE 3 
PURIFICATION OF FEFO WITH SULFURIC A C I D  

i 

, 
L 

$ Eiph-Boilers #ole-% Components 
Case with lower CC 
No. r e t e n t i o n  t i m e  $ FEFO v V I  $ Recovery 
8, crude 1.2 87.3 5.6 5.9 - 
8, p u r i f i e d  1.7 96.6 0.1 1.6 82 
9, crude 0.7 95.6 3.7 
9, p u r i f i e d  1 - 4  98-6 

-- 
- - 

89 I1 - - 
Extremely i n t e r e s t i n g  r e s u l t s  were obtained i n  the  course of preparing FEFO from 

This FDNE was pre- an  FDNE-methylene c h l o r i d e  s o l u t i o n  a f t e r  attempted pur i f ica t ion .  
pared f r o =  f luoro t r in i t romethans  i n  ae thanol ic  so lu t ion .  and the  FDmmethylene 
c h l o r i d e  s o l u t i o n  was later found t o  be highly contaminated with methanol and water. 
The crude FEFSmethylene c h l o r i d e  s o l u t i o n ,  fol lowing separa t ion  from t h e  s u l f u r i c  
acid l a y e r ,  was divided i n t o  two equal portions.  One por t ion  was worked up i n  tho 
usual  manner, and t h e  o ther  waa t r e a t e d  with two por t ions  of concentrated s u l f u r i c  
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a c i d  before  being worked up. 
as FEFO), t he  second 42 percent.  

The f i r s t  por t ipn  gave a y i e l d  of 48 percent  (calculated 
GC ana lys i s  showed t h e  following r e s u l t s :  

TABLE 4 
I 

IN-PE1OCESS PURIFICATION OF FEFO WITH SXJLFURIC A C I D  

$ Hiph-Boilers Mole-$ Components 
with lower GC 

Case No. r e t en t ion  time i'. FEFO V VI 

10,  pu r i f i ed  i n  process 1.0 93.7 503 
10, t r ea t ed  a s  usual 17.1 37.6 43.8 1.5 

I 
- 

I n  s p i t e  of the  f a c t  t h a t  the conventionally-treated FEFO w a s  apparently no t  com- 
p l e t e ly  f r eed  of so lvents ,  and the  r e s u l t s  are thus  not s t r i c t l y  comparable. it i s  evi- 

was near ly  the  same i n  both cases,  i t  must be concluded t h a t  p u r i f i c a t i o n  took place 
primarily o ther  than through ex t r ac t ion  of V and V I ,  and that the  l a t te r  may have been 
converted i n t o  FEFO by a process ind ica ted  i n  the  following sequence: 

,d-nt t h a t  a very high degree of p u r i f i c a t i o n  was achieved. S ince  t h e  y i e l d  of FEE'O 

H 
8 

ROCH20 CH20R 
IL  

(6) XOCH20CH20R + H @ 

8 I' 
b C H 2 ]  + HOCH20R e ROH + HCHO 

\ 

'[ROCH2] 8 + ROB ( R O ) ~ C H ~  + H @  

The pur i f i ca t ion  of 'FDO with concentrated s u l f u r i c  ac id  immediately following separa- 
t i o n  of t h e  FEFO-methylene ch lo r ide  so lu t ion  from the  s u l f u r i c  ac id  r e a c t i o n  medium has 
cons i s t en t ly  removed near ly  a l l  of t h e  high-boiling contaminants, and has  been made a 
standard procedure i n  FEFO preparation. 

Several  rou tes  are known which y i e l d  FEFO from in te rmedia tes  o the r  than FDNE. 
One of these methods u t i l i z e s  &(2,2,2-trinitroethoxy) methane (VXI) as the  s t a r t i n g  
mater ia l  (Reference 4)  

, 
> [(N02)3CH20]2 CH2 - [(N02)2C %H20]2CH2 7 FEFO 

H202, OH . 
(7) 

' V I 1  
D 

V I 1 1  

V I 1  i s  reduced to  the  disodium sa l t  (VIII)  i n  t h e  presence of a l k a l i n e  peroxide i n  
aqueous methanol. The organic so lvent ,  added i n i t i a l l y  t o  ensure s o l u b i l i t y  and f a c i l i -  
t a t e  r eac t ion  of the  s t a r t i n g  material, must then be removed by vacuum d i s t i l l a t i o n  
p r i o r  t o  f luo r ina t ion .  
route.  The s e n s i t i v i t y  of V I I ,  and t h e  f a c t  t h a t  l a r g e  volumes and much time are re- 
quired t o  e f f e c t  the  removal of the  methanol, a r e  severe  disadvantages i n  t h i s  process. 

Moderate y i e lds  of pure FEFO o r e  obtained v i a  another route  which u t i l i z e s  VI1 

The product has been obtained i n  y i e l d s  of up t o  60$ by this 

as the  s t a r t i n g  material: 

The conversion of VIII, by means of the  H e n r y  reac t ion ,  t o  bis(Fhydrory-2,2-dinitro- 
propoxy)methane serves as a means of p u r i f i c a t i o n ,  and as  a r e s u l t  the y i e l d s  from IX 
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t o  FEFO -e q u i t e  high (80 t o  85%). 
45 t o  55s. and the large volumes and lengthy  procedures,decrease t h e  u t i l i t y  of t h i s  
method even f u r t h e r o  

The o v e r a l l  y i e l d  s t a r t i n g  from V I I ,  however, i s  

Phys ica l  Charac t e r i s t i c s  of FEW 

FEFO i s  a co lo r l e s s  l i q u i d ,  b.p. 120 t o  124'C a t  0.3 mm Hg,m.p. 14'C. I ts  dens i ty  
is 1.595 g/cc a t  25'C. and i ts  index of r e f r a c t i o n  n2$ = 1.4398. 
t h e  lower a l i p h a t i c  a l coho l s  and esters, and i n  most ch lor ina ted  solvents.  It is 
s t a b l e  t o  s t rong  ac ids ,  and r e l a t i v e l y  s t a b l e  t o  d i l u t e  aqueous a l k a l i .  I t s  s e n s i t i -  
v i t y  t o  impact has given va lues  ranging  from 11 cm (5096 poin t ,  2 Kg woight, RDX = 
28 cm) t o  40 t o  50 cm (5& po in t ,  2.5 Kg weight). 
t o  i n d i c a t e  r e l s t i v e l y  lor t o x i c i t y ,  a t  l e a s t  by e x t e r n a l  exposure t o  skin o r  eye. 

It i s  so luble  in 

Toxic i ty  da ta  are scanty  but tend 

,&alvais of FEPO 

Gas chromatography has  been employed as t h e  most s u i t a b l e  a n a l y t i c a l  method for 
FEFO assay. 
and a s e n s i t i v e  flame i o n i z a t i o n  de tec to r .  
followed by a programmed inc rease  of 6°C/minute t o  20O0C, and an  add i t iona l  8 
minutes a t  2CQ°C. 
t i n g  condi t ions  give well-resolved peaks with m i n i m a l  tailing. 
have been var ied  between 0.2 and 0.8 ~ l ,  0.2 t o  0.3 ul is prefer red .  

GC FEFO ana lyses  are conducted wi th  a s i x  r i n g  polyphenyl e the r  column 
A 2-minute isothermal run a t  100°C is 

All components are e l u t e d  wi th in  a 20-minute period. These opera- 
Although sample s i z e s  

Pre l iminary  s t u d i e s  sugges ted  that chromatograph oven temperatures between 180 
and 200'C would not cause measurable decomposition of FEFO. 
v o l a t i l i z a t i o n  and peak shape, a pre-heater temperature of 185'C was se lec ted .  
ever ,  a t  t h i s  temperature the  area percents  of the  mor. v o l a t i l e  components d id  not  
reproduce w e l l ,  a l though c o n s i s t e n t  d a t a  were obtained f o r  t h e  o ther  impurit ies.  A 
later s e r i e s  of tests of vapor i ze r  temperatures from 150 t o  20O'C demonstrated the  
necess i ty  of opera t ing  a t  15OoC because of an apparent degradation of FEFO a t  the 
h igher  temperatures. Tho da ta  suggest that the apparent increase  i n  impur i t ies  of low 
r e t e n t i o n  time a t  temperatures above 15OCC i s  a c t u a l l y  due t o  degradation of FEFO. 
Its as say  decreases wi th  t h e  inc rease  of t hese  i n p u r i t i e a  a t tendant  with the  increased 
temperatures.  By ope ra t ing  t h e  vapor izer  at 15OoC,  reproducible chromatograms a r e  ob- 
t a ined  without no t iceably  a l t e r i n g  the e l u t i o n  times. 

Therefore, t o  enhance 
How- 

The anhydrous poten t iomet r ic  t i t r a t i o n  app l i cab le  t o  FDNE may be used for TEFO 
a l so .  FEPO can be t i t r a t e d  i n  a c e t o n i t r i l e  with tetrabutylammonium hydroxide to  
g ive  a s i n g l e  well-defined break corresponding t o  t h e  removal of four protons per  
mole. 
chromatography. 
this method was not developed f u r t h e r .  

A s i n g l e  sample assayed 08.816 FEFO, compared with 8 6 . d  obtained by gas  
S ince  the i m p u r i t i e s  i n  FEFO are a l s o  a p t  t o  have a c i d i c  proper t ies ,  
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RECENT CHEMISTRY OF THE OXYGEN FLUORIDES 

I. J. Solomon, A. J. Kacmarek, J. K. Raney, J. N. K e i t h  

I I T  Resea rch  I n s t i t u t e ,  Chicago ,  I l l i n o i s  

Some of t h e  r e c e n t  c h e m i s t r y  of t h e  oxygen f l u o r i d e s  w i l l  
be ,d iscussed .  The r e a c t i o n  of OF, a?$ SO, has  been s t u d i e d  by u s i n g  
0 l a b e l e d  s t a r t i n g  materials and 0 NMR spec t roscopy ,  and e v i d e n c e  
f o r  a n  OF t r a n s f e r  mechanism i s  p resen ted .  S i m i l a r  expe r imen t s  w i t h  
0" l a b e l e d  SO, and O,F, have shown t h a t  t h e  r e a c t i o n s  o f  O,F, can  b e  
e x p l a i n e d  i n  terms of an OOF t r a n s f e r .  The g e n e r a l i t y  of t h i s  r e a c t i o n  
is shown i n  t h a t  CF,CF(OOF)CF, and CF,CF,CF,OOF a r e  formed b y  t h e  
r e a c t i o n  of O,F, and  CF,CF=CF,. 
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GAS GEHEPAT'OR PROPELTANTS 

E. S. Sutton, C. F:. Vriesen, and E. J. Pacano~?slrj 

I Thiokol Chenical Corporation 
Elkton Division 
Elkton, Xaryland 

The properties of ammonium perchlorate have made it the  oxidizer of choice 
f o r  composite s c l i d  propellants for  the past  20 years. I ts  a b i l i t y  t o  produce 
propellant comFositions w i t h  high f lane tenperatures and densi t ies  has made it 
extremely u s e a l  t o  the missile propulsion industry. 
possible t o  convert t h i s  versa t i le  oxidizer t o  another n i s s i l c  S ; J S ~ U J  application, 
tha t  of wdm gcs Generator p r o p e l l a t s .  

I 
Recently, it has become 

I 

I Werm gas Cenerztor propellants are required f o r  driviw turbine-alternator 
I systems f o r  e l e c t r i c a l  power generation, f o r  actuating jet-controlled a t t i t u d e  

control system, and f o r  propellin(; torpedo propulsion units. Despite the 
advantages or' m.ioniun perchlorate, it has been d i f f i c u l t  t o  u t i l i z e  it i n  these 
applications, because of the inherently high flame temperature (b500° t o  55OOOF) 
of propellants 'Jased on it. 
warn gas cenerator systems, the  flame temperatures of these propellants a re  
l imited t o  values i n  the region of 2200' t o  2300OF. 

Because of the materials of construction used i n  

In propellant technology, rechction of flame temperature i s  most conveniently 
obtained by r c d u c i x  the  oxidizer t o   el (G/ /F)  r a t i o  t o  a v e r j  1011 value, so t h a t  
the conposition is extremely f i e 1  rich. 
temperature versus the  weight percent of llH4Cl04 f o r  a mixture of ammonium 
perchlorate ani 2 Q-pical l o w  oxygen content, high fue l  content polymeric hydro- 
carbon binder. Although aluminum powder i s  normally used as a f u e l  component i n  
so l id  propellants, it has been omitted for  two reasons: it increases flame 
temperature t o  still  hi&er (and undesirzble) values, while producing so l id  
A1203 par t ic les  as ul eyhaust component. For most gas generator systems, the 
presence of sol id  per t ic les  i n  the coalrustion products is extremely undesirable 
because of the r e s u l t v l t  clogging and erosion of the metall ic portions of the 
system. 

I n  Figure 1 a plot  is shown of flame 

I Emuination of  Figure 1 shows t h a t  the gradual reduction of the IIHqClOq 
1, 
! 

content from 9q: t o  7% reduces the flame temperature from 5000'F down t o  the , 
desired level  of 22009, simply by great ly  reducing the  oxidation r a t i o  of the 
system. Tne oxidation r a t i o  decreases from 4.33 down t o  1.15 f o r  these two 

9 compositions, vhere oxidation r a t i o  i s  defined as:  

co Atoms 
Oxidation Ratio = 

CC Atoms + 3 Df Atoms A) 

Unfortunately, t h i s  reduction . resu l t s  i n  undesirably hi& levels  of solid 
carbon i n  the coxxistion products vhen. these a re  exhausted t o  the ztmosphere. 
% i s  can be seen i n  Table 1, where the level f o r  the hi& f u e l  content binder is  
6.455 so l id  crr2cn by weight. iJo carbon is found i n  the combustion chamber at 
1000 psia, but e q m i o n  of the gases t o  14.7 psia  resu l t s  i n  copious quant i t ies  
of >lack snolre . 

wo methods are 'appl icable  t o  the solution of this problem. The first of these 
involves subst i tut ion o$ much higher-oir.gen content binders f o r  t h e  polymeric fuel .  
I n  Figure 1 and Table I the resu l t s  of subst i tut ing highly oxygenated polyester . 
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polymers fo r  t h e  conventional fue l  can be seen. 
polyester based on diethylene a y c o l  and sd ip ic  acid,  w i t h  an o w e n  content o f  
37.odp r e s u l t s  i n  almost a 50$ reduction i n  so l id  carbon i n  the  exhaust. The req- 
u i red  mount o f  IfH4ClO1 ox id izer  f o r  a 220OoF temperature i s  reduced to approxi- 
mately 66. For a 42.d$ oxygen content binder, t he  w u n t  of oxidizer fo r  gener- 
a t ion  of 2200°F is  reduced s t i l l  fur ther ,  t o  approximately 58%. Since one of the 
combustion products resu l t ingf romthe  use of NH4ClO4 i s  Ha, with its consequent 
e ros iv i ty  of cer ta in  metals of construction, these reductions i n  oxidizer content 
a r e  qui te  desirable,  since they r e s u l t  i n  corresponding reductions i n  H C l  content. 

Use of a carboxy-termhated 

The second nethod of lowering flame temperature involves the addition of a 
t h i r d  component t o  t i e  system t h a t  i s  as low i n  energy content as possible and 
t h a t  has a? i n t e r n a l  oxidation r a t i o  close t o  1.0. Compounds with these high ' 

negative heats of formation and balanced stoichiometry a re  ap t ly  designated as 
"coolants", since they are both poor fue l s  and poor oxidizers. 
l'ist of compounds of t h i s  type is  shown i n  Table 11. The oxidizers, ammonium 
perchlorate and ammonium n i t r a t e ,  are included fo r  comparison. 

A representative 

For each compound, t he  empirical formula, density, oxidation r a t i o ,  and heat 
of f o m t i o n  i n  k i loca lor ies  per  gram are  given. 
systems mt be e f f i c i en t ly  packaged, high density values axe desirable. 
advantGe of possessing an oxidation r a t i o  close t o  1.0 has already been pointed 
out. 
pos i t i ve  heat:' of formation, it i s  desirable t h a t  the value f o r  
l a r g e  a negative nunber as possible,  i n  order t o  produce low flame temperatures. 

Because warm gas generating 
The 

Fina l ly ,  since high flame temperatures r e s u l t  from e i the r  l o w  negative o r  
&/M be as 

Exanination of t i e  compounds i n  Table II shows materials ranging from low 
oxidation r a t i o  fuel-l ike compounds such a s  oxamide and azodicarbonanide, t o  more 
evenly b i l x c e d  materials such as armnonium oxalate hydrate, oxalohydroxamic acid, 
and hydroxylamonium oxalate. Ammonium dihydrogen phosphate theore t ica l ly  appears 
t o  be zr~ os id izcr ,  l i k e  arsnoniurn nitrate, and ammonium perchlorate; however, i n  
a c t a i t y  it serves only as a coolant, since the  phosphate portion of t he  molecule 
i s  extrenely s tab le  a t  elevated temperatures, and i s  not a source o f  oxygen, u n l i k e  
t h e  n i t r a t e  and perchlorate s t ruc tures .  

As might b e  expected, t h e  compounds i n  t h e  middle of the  l i s t  a r e  t h e  most 
des i rab le  end useful corlants;  i n  par t icu lar ,  oxalohydroxamic acid ( a l s o  some- 
times r e fe r r ed  t o  as dihydroxyglyoxime-DHG) is  of par t icu lar  i n t e re s t .  
density,  bzlanced stoichiometry and negative heat of formation a re  of importance, 
i n  t h i s  regard. 

I ts  high 

Table I11 points out s t i l l  another important fac tor  i n  the  se lec t ion  of an 
e f f ec t ive  coolant..  A good coolant i s  thermally s tab le ,  bu t  not too s tab le .  
0xalohydrom.nic acid i s  qu i t e  s a t i s f ac to ry  i n  t h i s  respect,  sharing no endotherm 
o r  exotherm i n  d i f f e ren t i a l  thermal analysis below 300°F, but it completely fumes 
o f f  at t h e  s l i g h t l y  higher temperature of 338OF (dec.). Its arrrmonium salt ,  on the  
other hand, exhibits i t s  f i r s t  exotherm at  a lower temperature than 30O0F, but it 
i s  not completely decomposed u n t i l  400°F i s  reached. The other coolants shown are 
mre s t ab le  in  e thermal sense, but t h i s  fYequently means t h a t  the amounts t h a t  can 
be added t o  a propellant formulation a re  l imi ted  to low levels because of d i f f i cu l ty  
i n  achieving combustion. 

The e f f e c t  of adding various aJmunts of coolant to typ ica l  warm gas generator 
propel lan t  compositions is shown i n  F igure  2. 
l a r g e r  amounts of oxalohydroxamic acid (DEG) are  required t o  reduce t h e  flame 
temperature of the 4% oxygen content binder t o  the  2200'F level then f a r  the 3'7% 
oxygen content binder. 
oxalate makes it possible t o  reach the  22000F level with even less coolant. 

A t  the same binder content of 26.58, 

!!&e m r e  negative hea t  of formation of hydroxylanrmonium 
The 
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overall  effectiveness of these coolants i s  real ized when the flame temperatures 
of the same compositions without coolant a r e  compared, for  these a re  4250°F and 
39OOor', respectively,  f o r  the  42$ and 37dp oxygen binders. 
o x d a t e  (HAO) i s  e s p e c i a y  effect ive i n  improving the cleanliness of the exhaust 
for  only 22$ of t h i s  coolant produces a 2278'F flame temperature with no so l id  
carbon i n  the ex!aust products. 

Hydroq4ammonium 

In  eddition t o  t h e  foregoing methods of reducing carbon i n  the exhaust 
products, it is a l s o  possible t o  e f fec t  a reduction by reducing the pressure at 
vhich t h e  combustion reaction is  carried out. An indicatior! of the  extent of 
t h i s  Pactor can be seen in  Figure 3, where the weight percent of s o l i d  carbon 
formed i n  t i e  Exhaust i s  plot ted as a function of the combustion pressure for  a 
s ingle  composition over the pressure range of 100 ps ia  t o  20,000 psia.  
psia ,  tile carbon content of the exhaust i s  over 5% by weight, while at pressures 
below 500 psia,  C$ carbon resu l t s .  
x i t i  the v d u e  of 2374OP fo r  the 20,000 ps ia  l e v e l  decreasing t o  2058OP a t  100 psia. 

I n  nddition t o  the  formation of so l id  carbon, it i s  &so possible for  m n i u m  

A t  20,000 

A reduction i n  f l m e  temperature a l so  resu l t s ,  

chloride t o  condense i n  so l id  c r y s t a l i n e  par t ic les  during the  reduction o f  flame 
temperature resul t in& from expansion of the combustion gases through a nozzle or 
turbine system. 
f o r m t i o n  of HC1 as  one of the combustion products; t h i s  in  turn reac ts  with t races  
of IJH3 i n  the c o q o s i t i o n  products t o  form i Q C l  when the temperature or  the system 
f a l l s  below the value a t  which the vapor pres,sure of m4C1 i s  equal t o  the pressure 
of the -system. 
Sholm in  ?i@re h .  
sol id  iSiilkC1 T i i l l  not form; when e i ther  the temperaturc or the pressure or both a-e 
reduced suf f ic ien t ly  t o  r"c4.l bdOT<7 the l i n e ,  formation of s o l i d  par t ic les  w i l l  occur. 
In  gcncral, the  higher the pressure in  the system, the l e s s  l i k e l y  it i s  t h a t  NHbCL 
x i l l  deposi t  on cold v a l l s  o r  surfaces i n  the  system. 

'ine presence of chlorine i n  the  ammonium perchlorate leads t o  the 

A p lo t  of the vapor pressure - temperature re la t ionship for  NH4Cl is 
I f  tine tenperature and pressure of the system fa l l  above the l i n e ,  

Another problem resu l t ing  from the presence of HCl i n  the conbustion products 
i s  the reaction o f  snail amounts of t h i s  acid with the metall ic materials of con- 
s t ruct ion in  systems using w a r m  gas generators of t h i s  type. The metal chlorides 
formed i'rom these reactions m e  undesirable f o r  two reasons: changes i n  the 
dkensions of the attacked metal surfaces r e s u l t  from a vola t i l i za t ion  of the 
cnlorides,  and l a t e r  on deposit ion'of metal chloride par t ic les  can occur i n  unwanted 
locat ions as t i e  temperature of tne gas i s  reduced. , 

Tzble IV show the  deposition temperature (melting point)  for  several of these 
metall ic cklorides a t  a pressure of 1000 p s i a  (68.05 atmospheres). 
&aged  in  order of increasing v o l a t i l i t y .  
faces of nost of these metals is  extremely slow, as shown by the  da ta  on loss ra te ,  
the  amunts of the chlorides formed are  s t i l l  of concern in  some applications. The 
use of carbon s t e e l  i s  undesirable, but  some s ta in less  s t e e l s  are sat isfactory 'due 
t o  the  protective action or' chromium and nickel. 
r e s u l t s  In good erosion resis tance and v o l a t i l e  chlorides for  the react ion products. 

F i n u y ,  it should be pointed out t h a t  a general correlat ion e x i s t s  for  a great  

They are  
Although the  r a t e  of erosion of sur- 

The use of molybdenum and i t s  alloys 

m y  of the specif ic  compositions described i n  t h i s  paper between theore t ica l  flame 
temperature and $ so l id  carbon i n  the exhaust. This can be seen i n  Figure 5 ,  for  
w i t h  a few exceptions, all of the conpositions previously discussed faU within a 
s ingle  b a d .  Above a flame temperature of approximately 2550°F, no carbon forms; 
while bcQ0-d this  temperature the amount formed is inversely re la ted  t o  the temperature. 

! 
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In summary, two general methods of obtaining low flame temperat&e p r o p a a n t  
compositions have been described t h a t  do not r e s u l t  i n  the production of la rge  (aver 
6 $ )  quant i t ies  of so l id  carbon in exhaust pr;ducts. 
oxygenated polyester binders and the  use of 
v d u e s  of AH.& and oxidation r a t i o s  d o s e  t o  1.0. 
type are  oxalohydroxamic acid and hydroxylanrmonium oxalate. 

These a re  the use of highly 

Two useful compounds of this 
coolant" compounds with la rge  negative 

m e  effects of varying combustion pressure over the  range of 100 t o  20,000 
p s i a  have been described. 
including the  conditions controll ing solids such as q C l  and various metall ic 
chlorides in the system have a l s o  been discussed. 

Effects  re la ted  t o  the presence of IIQ i n  the system, 

, 

6 3 0 ~  0 Low Oqgen Binder 

0 37$ Oxygen Binder 

5333 

4 
400d 

5 er 

5 
3000 

0 

2330 

1937 

53 63 70 80 

% m4Q04 

Figure 1. Effect of Oxygen Content on Flame Temperature 
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Binder 
I 

Low Oxygen Content 

375 Oxygen Content 

57% Oqgen Content 

b$ Oxygen Content 

Co,mound 

kzodica-bonmide 

C x d d e  

T a l e  I 

Reduction of Carbon Content 
of 

Combusti% Products 

1 rii ame Oxidation Wgt.$ c(" 
Temp. ( O F )  Ratio i n  Exhaus 

we;t. 5 
Oxidizer/Coolant 

7010 U86 1.15 6.45 

6010 2028 1.56 3.52 

43-5/30 a38 1.69 1-99 

37-5/36 75 1.74 1.88 

Empirical Density Oxidation A+(y 
Formula (g/cc> Ratio 

C2IILO2N4 1.68 0.5 -0.60 

C2"4021i2 1.667 c.5 -1.375- 

kmoniurn Oxalate Hydrate C2Hl0O5X2 1.50 0-  n5 -2.40 

1.85 1.0 -1.138 c2H4041'2 G d o h y d r o r d c  Acid 

,Yydroql m n  i urn 0xa.l a t  e c2%06''2 1.60 1.0 -1. a5 

Ammonium Dihydrogen Phosphate IM H PO 1.803 1- 33 -3.02 4 2  4 
Ammniun IIitrate r r 1 - 1 ~ ~ 0 ~  1 * 725 1-5 -1.09 

A-xmnium Perchlorate NH4ClO4 1-95 2.0 -0.60 
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Table XI1 

Differen t ia l  Thermal Analysis 

of Coolants 

Coolant Endotherm (OF1 Exotherm (OF) 

Oxalohydroxamic Acid None U . 0  

, Ammonium Oxdlohydroxamate None 266.0 

Hydroxylanmonium Oxalate 271.4 348.8 

Azo- d i  c a b  onamide None 372.2 

Ammnium Oxalate Hydrate 192.2 + 413.6 (dec.) None 

Table I V  

Formation and Deposition of Metallic Chlorides 

Milligrams of Loss 
Metal per 1 0  grams - 
cr 0 (1) 

N i  --- 
Fe 3.6 

T i  2.7 

zr --- 
W 

Nb 0 

Mo 0 

(1) 304 Stainless S tee l  

--- 

Fumes (OF) 

338.0 

401.0 

399.2 

451.4 

None 

Highest Melting Chloride 
Chloride Melting Point (OC) 

aa3 
NiCl.2 

F e u 2  

T i n 3  

b Q 4  

3-l-5 0 

1001 

670-674 
, 

dec. 440 

437 

w% 8 5  

NbQ5 
MoQ5 194 

2&.7 

I 
i 

J 

I 
I 

I 

I 
1 

I 

I 

i 

I 

d 



i1. 

. c  

E 
C 

e' 
0 0 

10 20 
p Coolant 

30 40 

~ ' L G W C  2.  E;':'ect of P x c c n t x c  of Coolant on nome Temperatwe 

0 1 .b 2.7 3.0 4 .o 5 .O 6.0 

; C.lrbon (Solid) in Exhaust 

REJrc 3.  Ef:'cc: of Pressure on z Carbon(s) 



vapor Pressure (psia) 

Figure 4. Vapor Pressure of MlqQ 

0 1 * 2  3 4 5 6 7 

Weight Percent Carbon in Ehaust (1000/14-7) 

Plgurc 5. Temperature VS. Carbon Content of Q SgiesIIBO-AP RopdhYlt C O n l p o S i t i ~  

- .. ._- 



73. 

, 

THE SYIVl?HESIS OF FLUORAMMONIUM SALTS’ 

Vytautas Grakauskas, Allen H.  Remanick, and Kurt Baum 

Contr ibut ion from Chemical & 
Aerojet.-General Corporation, Azusa, C a l i f o r n i a  91703. 

Bio logica l  Processes, 

O f  t h e  four  possible  f l u o r i n e - s u b s t i t u t e d  ammonium ions,  only the tetra- 
f l u o r o  der iva t ive  has been reported as a s t a b l e  salt.*,3 
fluoramine have been reported t o  form r e v e r s i b l e  complexes with Lewis a c i d s  a t  
low Lenperatures. Fluoramin w a s  claimed t o  be  a by-product of  t h e  e l e c t r o l y -  
sis of ammonium b i f l u o r i d e 5 ~ ‘  but t h e  r e s u l t s  have been shown t o  be i n  e r r o r . 7  
Xnethylf luoramihe w a s  synthesized by the f l u o r i n a t i o n  of  unsymmetrical d i -  
methylsulfamide and t h e  compound w a s  s u f f i c i e n t l y  bas ic  t o  form a s t a b l e  hydro- 
ch lor ide .  Fluorimonium salts prepared by t h e  rearrangement of  a i k y l d i f l u o r -  
aa inesg  can a l s o  be considered as a lkyl idene  d e r i v a t i v e s  of s u b s t i t u t e d  f l u o r -  
amines. 

Difluoramine and tri- 

8 Simple s a l t s  of  fluoramine have now been prepared by t h e  r e a c t i o n  of  
a l k y l  N-fluorocarbamates with s t r o n g  ac ids .  The s t a r t i n g  materials are synt’ie- 
s i z e d  r e a d i l y  by t h e  f l u o r i n a t i o n  .of a l k y l  carbamates.1° 

Fluoraomonim B i s u l f a t e .  Fluorimonium salts have been prepared and 
cnarac te r izea  i n  s u l f u r i c  a c i d .  Under t h e s e  condi t ions ,  t h e  hydro lys is  of N- 
fluorocarbamates i n  s u l f u r i c  a c i d  would be expected t o  g ive  t h e  fluorammonium 
ion ,  which a l s o  should be s t a b l e .  

!;%en a s o l i t i o n  of  e t h y l  N-fiuorocarbamate i n  concentrated s u l f u r i c  ac id  
bas heated a t  65 to 4G0, carbon dioxide and ethylene were evolved. 
n m  spectrum o f  t h e  s u l f u r i c  a c i d  s o l u t i o n  cons is ted  of a q u a r t e t  a t  36.8 ppm 
r e l a t i v e  t o  SLternai  t r i f l u o r o a c e t i c  a c i d ,  with a coupl ing constant  of  38 cps. 
?nus, t h e  f l m r i n e  was coupled t o  t h r e e  equiva len t  hydrogens, and it i s  note- 
xor thy  t h a t  t n e  hydrogens d id  not  exchange r a p i d l y  with t h e  so lvent .  By con- 
trast, t h e  F19 spectrum of an u n h e d e d  s o l u t i o n  of e t h y l  N-fluorocarbamate i n  
s u l P a i c  a c i d  cons is ted  of  a s i n g l e  broadened s i g n a l  a t  27.5 ppm; t h e  NH pro- 
t o n s  of t h e  s t a r t i n g  material t h u s  exchanged with t h e  so lvent  r a p i d l y  by the  
nmr time sca le .  

The F13 
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0 9 3 0 4  I 
C H -0-C-NHF, - C2!i5-O-C-N-F HSO4 11 ' 0  O H  

2 5  II 
0 

H 

I 2 2 2  & @ H S O P  + CO + CH =CH 

Addit ional  evidence f o r  t h e  fluorammonium i o n  s t r u c t u r e  was obtained from re-  
a c t i o n s  witin carbonyl compounds. The r e a c t i o n  of cyclohexanone with a s u l f u r i c  ac id  
s o l u t i o n  of fluorammonium b i s u l f a t e  gave €-caprolactam, i s o l a t e d  by quenching t h e  

, mixture wi th  i c e .  A probable  in te rmedia te  was a-fluoraminocyclohexanol, which could 
l o s e  a f l u o r i d e  i o n  and undergo nucleophic r i n g  expansion. Al te rna t ive ly ,  t h e  de- 
hydra t ion  of  t h i s  a l c o h o l  could give fluoriminocyclohexane, which i n  turn ,  would 
unaergo a similar r i n g  expansion.  The Beckmann fragmentat ion of  f luorimines has  
been r e p o r t e d  r e c e n t l y . l l  

1 -H20 

' h e n  E-butyraldehyde w a s  t r e a t e d  s i m i l a r l y  wi th  t h e  fluorammonium b i s u l f a t e  
s o l u t i o n ,  c-butyronitri ' .? w a s  formed. 
ence of base i n s t e a d  of  a c i d  i s  t h e  s y n t h e s i s  of  n i t r i l e s  from aromatic aldehydes 
and chloramine. l2 , 

A r e l a t e d  r e a c t i o n ,  c a r r i e d  out i n  t h e  pres- 

NH F@ 
CH3CH2CH2CH0 2 CH3CH2CH2C=N 

H2° 

Attempts t o  i s o l a t e  pure fluorammonium b i s u l f a t e ,  by d i l u t i n g  t h e  s u l f u r i c  
a c i d  s o l u t i o n  with organic  s o l v e n t s ,  were unsuccessful .  

?luoranoonium F'erchlorate. P e r c h l o r i c  a c i d ,  which i s  more v o l a t i l e  than s u l -  
fur ic  a c i d ,  appeared t o  o f f e r  b e t t e r  p o s s i b i l i t i e s  for t h e  i s o l a t i o n  of  a pure 
fluorammonium salt .  Accordingly, a s o l u t i o n  of e t h y l  N-fluorocarbamate i n  70% per- 
c h l o r i c  acici was h e a t e d  u n t i l  gas  was evolved (68O), and t h e  excess  perchlor ic  a c i d  
w a s  t n e n  removed under  vacuum. 
t e r i a l  o f  l o w  v o l a t i l i t y .  Isopropyl  N-fluorocarbamate reac ted  w i t h  TO$ perchlor ic  
a c i d  at a l o w e r  temperature  t h a n  t h e  e t h y l  ester (35 t o  Uo), and gave a less con- 
taminated,  but s t i l l  u n s a t i s f a c t o r y  product .  Unexpectedly, fluorammonium perchlo- 
r a t e  was found t o  h a v e ' a p p r e c i a b l e  vapor pressure ,  subliming slowly at 46'1.02 ma; 
t h e  sublimed s a l t  w a s  a n a l y t i c a l l y  pure. 

However, t h e  product  was contaminated by organic  ma- 
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I It i s  well-recognized t h a t  t h e  maximum a c i d  s t r e n g t h  of a s o l u t i o n  i s  l imi ted  

by tine a c i d i t y  of t h e  conjugate a c i d  of  t h e  so lvent .  For t h i s  reason, perchlor ic  
a c i d  i s  a s t ronger  a c i d  i n  a c e t i c  a c i d  t h a t  i n  aqueous s o l u t i o n . l 3  
i s  so luble  i n  chloroform14; therefore;  t h i s  so lvent ,  which has  very low bas ic i ty ,  
should enhance the' a c i d i t y .  Indeed, i sopropyl  N-fluorocarbamate reac ted  more 
r a p i d l y  with a 10s s o l u t i o n  of  anhydrous p e r c h l o r i c  a c i d  i n  chloroform, than with 
t h e  70$ commercial reagent .  
r a t e  was inso luble  i n  chloroform. Analy t ica l ly  pure product w a s  i s o l a t e d  d i r e c t l y  
i n  q u a n t i t a t i v e  y i e l d .  
asmuch as carbon dioxide f r e e  of propylene w a s  l i b e r a t e d ,  it appears l i k e l y  t h a t  i s o -  
propyl perchlora te  w a s  formed; i f  it w a s  formed, it would remain i n  s o l u t i o n . l 5  

i Perchlor ic  ac id  

An a d d i t i o n a l  advantage w a s  t h a t  fluorammonium perchlo- 

The f a t e  of t h e  i sopropyl  g o u p  w a s  not  determined, but in-  

a 

C H C l  
(CHJ)2CHOCNHF + 2 H C 1 0 4  4 (CH3)2CHOC10J + C 0 2  

II 
0 , 

Fluorammonium perchlora te  was a white  s o l i d  which melted with decomposition at 
104 t o  105'. D i f f e r e n t i a l  thermal  a n a l y s i s  showed a sharp  exotherm a t  t h i s  tenpera-  
t u r e .  The impact s e n s i t i v i t y  w a s  t h e  same as t h a t  of RDX. The salt  w a s  hygrosco3ic 
and decomposed r a p i d l y  i n  t h e  presence of atmospheric moisture. Although the  synthe- 
sis and i s o l a t i o n  w a s  c a r r i e d  out  i n  g l a s s  equipment under an atmosphere of  d r y  n i -  
t rogen ,  some e tch ing  of t h e  g l a s s  w a s  v i s i b l e  a f t e r  s e v e r a l  hours  of  contact  with 
t h e  s a l t .  
without decomposition, i n  f luorocarbon o r  pass iva ted-n icke l  conta iners .  

However, samples have been s t o r e d  a t  room temperature  f o r  s e v e r a l  months, 

Fluorammonium perchlora te  w a s  inso luble  i n  hydrocarbons and halocarbons; it 
WBS so luble  i n  simple e s t e r s ,  n i t r i l e s ,  n i t roa lkanes ,  and i n  such e t h e r s  as mono- 
glyne and te t rahydrofuran .  It formed a 1:l complex with dioxane. Concentrated 
s o l u t i o n s  ( e . g . ,  30 t o  50%) i n  any so lvents  were uns tab le ,  and i n  s e v e r a l  instances ,  
fumed o f f  s h o r t l y  after they  were prepared.  
a c e t a t e  s o l u t i o n  p r e c i p i t a t e d  unchanged fluorammonium perchlora te .  

Addition of chloroform t o  t h e  e t h y l  

The f l u o r i n e  nmr spectrum of  fluorammonium perchlora te  i n  s u l f u r i c  a c i d  con- 
s i s t e d  of a q u a r t e t  (J = 44 .1  cps)  a t  34.3 ppm from t r i f l u o r a c e t i c  aFid ( @  = 110.6), 
while t h e  proton spectrum showed a doublet  (J  = 44 cps)  a t  10.28 S.l0 However, when 
a c e t o n i t r i l e  w a s  used as t h e  nmr so lvent ,  t h e  proton spectrum gave a broadened s ing-  
l e t  at  10.7 8, while t h e  f l u o r i n e  spectrum gave a s l i g h t l y  unsymmetrical s i n g l e t  a t  
122.4 @. In  e t h y l  a c e t a t e ,  t h e  proton s i g n a l  w a s  a sharp  s i n g l e t  a t  1 1 . 5  8, and t h e  
f l u o r i n e  s i g n a l  w a s  a sharp  s i n g l e t  a t  122.8 fl. Thus, rap id  hydrogen exchange'took 
p lace  i n  t h e  organic  so lvcnts  but not  i n  s u l f u r i c  a c i d .  I f  t h e  mechanism of ex- 
char.ge were d i r e c t  displacement of protons,  a h igher  rate could be expected i n  su l -  
f u r i c  a c i d  than i n  t h e  organic  so lvents .  The more b a s i c  so lvents  apparent ly  a l low 
d i s s o c i a t i o n  of fluorammonium perchlora te ,  t o  a small ex ten t ,  t o  fluoramine and per- 
c h l o r i c  ac id .  The high v o l a t i l i t y  of  fluorammonium perchlora te ,  compared t o  t h a t  of  
anmonium perchlora te  might a l s o  be t h e  r e s u l t  of  d i s s o c i a t i o n .  

0 
H NF C l o p -  H2NF + H C 1 0 4  3 

7 l u o r a x o n i u n  Methanesulfonate - Fluorammonium methanesulfonate was synthe- 
; i zec  by heaLing e t h y l  N-fluorocarbamate and methanesulfonic a c i d  at 90'. 
.,:as 2 r e c i p i t a t e d  by t h e  a d d i t i o n  of  e t h e r .  
e s s e n t i a l l y  t h e  same as those  of t h e  perchlora te ,  and of t h e  perchlorate-dioxane 
complex; t h i s  temperature  range appears  t o  be t h e  s t a b i l i t y  l i m i t  of t h e  fluoram- 
monium ion.  

The sal t  
The melt ing poin t  and d t a  exotherm were 

6 



7 6 .  
The i n f r a r e d  spectrum i s  descr ibed  i n  t h e  Experimental Sec t ion .  

Methylfluorammonium B i s u l f a t e  - To determine whether s u b s t i t u t e d  f luoramon-  
iun: salts could ne prepared by t h e s e  methods, t h e  r e a c t i o n  of e t h y l  N-fluoro-N- 
lcethylcarbamate wi'th s u l f u r i c  ac id  was  s tud ied .  
F19 nmr spectrum of t h e  s u l f u r i c  ac id  s o l u t i o n  cons is ted  of a n  incompletely resolved 
t r i p l e t  of  q u a r t e t s  a t  -29.5 ppm ( e x t e r n a l  t r i f l u o r o a c e t i c  a c i d  r e f e r e n c e ) ,  with 
coupl ing constants  of  42 cps t o  t h e  NH2 and 28 cps t o  t h e  methyl. 

Gas was evolved at 85 t o  95'. The 

A s u l f u r i c  ac id  s o l u t i o n  prepared i n  t h i s  manner r e a c t e d  with cyclohexanone and 
water  t o  give N-methylcaprolactam. 

These r e a c t i o n s  are analogous t o  those  of  t h e  unsubs t i tu ted  fluorocarbamates 
and i n d i c a t e  broad a p p l i c a b i l i t y  of t h e  s y n t h e s i s  methods. 

Acknowledgement. The a u t h o r s  wish t o  thank  D r .  H. M. Nelson and M r .  L. A .  Maucieri 
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PREPARATION AND POLYMERIZATION OF NF,-CONTAINING MONOMERS 

Eugene L. S t o g r y n  

Esso R e s e a r c h  L E n g i n e e r i n g  Co . ,  L i n d e n ,  New J e r s e y  

, 
Polymeric c o m p o s i t i o n s  n o r m a l l y  employed to  h o l d  t h e  

o x i d i z e r  and  f u e l  components  of s o l i d  r o c k e t  p r o p e l l a n t  s y s t e m  d o  
n o t  c o n t r i b u t e  t o  t h e  energetics o f  the  p r o p e l l a n t .  I n  advanced  
s o l i d  p r o p e l l a n t s  u s e  of n o n - e n e r g e t i c  b i n d e r s  is p a r t i c u l a r l y  
d e l e t e r i o u s  t o  t h e  a t t a i n m e n t  of  h i g h  I s p .  P r e p a r a t i o n  of b i n d e r s  
c o n t a i n i n g  t h e  e n e r g e t i c  d i f l u o r a m i n o  g r o u p  w a s  s t u d i e d .  I n t r o -  
d u c t i o n  of t h i s  g r o u p  i n t o  polymer  monomers w a s  r e a l i z e d  by the 
f r e e  r a d i c a l  a d d i t i o n  of N,F, t o  o l e f i n s .  T h e  d i f l u o r a m i n o  
o x i r a n e s  s y n t h e s i z e d  f o r  t h i s  work  were o b t a i n e d  b y  e i t h e r  o f  t h e  
i 1 l u s  t r a t e d  r o u t e s .  

A t t e m p t s  to d i f l u o r a m i n a t e  v i n y l  o x i r a n e s  i n  w h i c h  t h e  v i n y l  f u n c t i o n  
i s  d i r e c t l y  a t t a c h e d  to t h e  r i n g  w e r e  u n s u c c e s s f u l .  T h e s e  sys tems 
y i e l d  f r e e  r a d i c a l  i n d u c e d  r e a r r a n g e m e n t s  i n v o l v i n g  t h e  o l e f i n i c  and 
t h e  o x i r a n e  f u n c t i o n s .  

+ * NF, + F,NCH,-CHXH-CH,O , 

T h e s e  r e a r r a n g e m e n t s  w i l l  b e  d i s c u s s e d .  D i f l u o r a m i n a t i o n  of 3-methylene  
o x e t a n e  y i e l d e d  a m i x t u r e  o f  t h e  e x p e c t e d  p r o d u c t  t o g e t h e r  w i t h  a d i -  
f l u o r a m i n o  a l d e h y d e .  P o l y m e r i z a t i o n  o f  the W , - o x i r a n e s  and  o x e t a n e  
w i l l  be d e s c r i b e d .  
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KINETICS OF THE GAS PHASE PYROLYSIS OF CHLORINE PENTAFLUORIDE~ 

by A. E. Axworthy and J. M. S u l l i v a n  

Rocketdyne. A D i v i s i o n  of Nor th  American Rockwell C o r p o r a t i o n  
6633 Canoga Avenue, Canoga Park ,  C a l i f o r n i a  91304 

The k i n e t i c s  of t h e  photochemical fo rma t ion  o f  c h l o r i n e  p e n t a f l u o r i d e  from ClF3 and 
F2 has  been s t u d i e d  r e c e n t l y  by Kr iege r ,  G a t t i ,  and Schumacker.2 
t h e  r e s u l t s  o f  o u r  i n v e s t i g a t i o n  o f  t h e  g a s  phase  the rma l  decomposi t ion  o f  ClF5. 

EXPERIMENTAL 

We r e p o r t  h e r e i n  

,The e l e c t r i c a l l y - h e a t e d  s t i r r e d  f low r e a c t o r  (g l -ml ,  monel) employed is d e s c r i b e d  
e l sewhere .  3,4 
about  1.3$ HF and 0.7% C1F3) w a s  passed  th rough  t h e  r e a c t o r  a t  an i n i t i a l  p a r t i a l  
p r e s s u r e  of 32 mm i n  a m i x t u r e  w i t h  helium. The t o t a l  p r e s s u r e  was 1 atm. The 
r e a c t o r  was equipped w i t h  a by-pass t o  a l low measurement of t h e  ClF5 c o n c e n t r a t i o n  
i n  t h e  e n t e r i n g  gas  stream. 

The g a s e s  l e a v i n g  t h e  r e a c t o r  (or t h e  by-pass) were passed  th rough  a IO-cm n i c k e l  
i n f r a r e d  c e l l  w i t h  AgCl windows. The ClF5 c o n c e n t r a t i o n  was fo l lowed  by measuring 
t h e  absorbance  a t  1 2 . 5  microns.  The f l o w  r a t e s  were measured w i t h  a soap  bubble  
f low meter connec ted  to  t h e  e x i t  s t ream.  The measured f low r a t e s  and reactor volume 
were c o r r e c t e d  t o  r e a c t o r  t empera tu re .  No c o r r e c t i o n  w a s  made f o r  the p a r t i a l  
d i s s o l u t i o n  o f  r e a c t a n t s  and p roduc t s  i n  t h e  s o a p  s o l u t i o n  or f o r  t h e  p re sence  of 
water vapor. 

I n f r a r e d  a n a l y s i s  of t h e  e x i t  g a s  showed ClF3 and ClF5 as the major a b s o r b e r s ,  w i t h  
C1F p r e s e n t  i n  t r a c e  q u a n t i t i e s .  
microns) .  These  r e s u l t s  i n d i c a t e  t h a t  t h e  s t o i c h i o m e t r y  is main ly :  

C h l o r i n e  p e n t a f l u o r i d e  vapor of 98 weight  p e r c e n t  p u r i t y  ( c o n t a i n i n g  

F l u o r i n e  d o e s  n o t  a b s o r b  i n  t h i s  r a n g e  (2-15 

5 ClF5 -. C1F3 + F2 OH = + 18.5 kca l /mole  

RESULTS 

The r e s u l t s  o b t a i n e d  f o r  t h e  thermal  decomposi t ion  o f  ClF5 o v e r  t h e  t empera tu re  
range  252-307O a r e  p r e s e n t e d  i n  Tab le  1. For  a s t i r r e d  f low r e a c t o r ,  t h e  ra te  ' 
c o n s t a n t s  f o r  a s imple  o r d e r ,  s i n g l e - r e a c t a n t  r e a c t i o n  a r e  g i v e n  by t h e  equa t ion :  

kn = ( P " - P ) / ( ~ )  ( 2 )  

where P" and P a r e  t h e  p a r t i a l  p r e s s u r e s ,  r e s p e c t i v e l y ,  o f  r e a c t a n t  e n t e r i n g  and 

1. T h i s  work was suppor t ed  by t h e  Uni ted  S t a t e s  A i r  Force under  C o n t r a c t  No. 

2.  
3. J. M. S u l l i v a n  and T. J. Houser,  Chem. Ind. (London),  1057 (1965).  
4. J. M. S u l l i v a n  and A. E. Axarorthy, J. Phys. Chem., 70,  3366 (1966). 
5. JANAF Thermochemical T a b l e s ,  Q u a r t e r l y  Supplenent  No. 7 .  

AF04( 611)-10544. 
R. L. K r i e g e r ,  R: G a t t i ,  and H. J. Schumacker, Z. Phys. Chem., 51, 240 (1966). 
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,caving the reactor,  T i s  t h e  average residence time i n  the reactor,  and n i s  the 
orOer of the reaction.' 
6 plo t  of ab-cy) v s  T ,  where a i s  t h e  f ract ion reacted, should be l inear  with a 
slope equal t o  the r a t e  constant. 
follows f i r s t -order  k ine t i c s  up t o  80$ reaction a t  293O. 
c'stained a t  temgeratures of 29l.5-294.Oo, md corrected t o  293.0' using an activa- 
t i o n  energy of 41 kcal/mole. The r a t e  constant, 1x1 
In Table 1. 
fro3 a ? lo t  of the type shown i n  Figure 1, i s  given i n  the  l a s t  c o l m  of Table 1 
a d  plot ted i n  the Arrhenius fonn i n  Figure 2. 
the Arrhenius expression y i e lds  the l i n e  shown i n  Figure 2 which represents the rate 
expression: 

It can be shown from eq 2 tha t  for  a f i r s t -order  reaction, 

Figure 1 shows t h a t  the  decomposition of ClF5 
"he data  i n  Figure 1 were 

from each experiment i s  l i s t e d  
The best  f i r s t -o rde r  rate constant, klA, a t  each temperature, obtained 

A l e a s t  squares f i t  of the data  t o  

-1 kl = exp(-41,330/RT) sec (3) 

::.e mceytainty i n  ac t iva t ion  energy is about 2 kcal./mole. 

n; -,e ~Lxing requirements f o r  a stirred flow reactor  do not allow a convenient 
3roce5ure f o r  varying widely the  surface-to-volume ra t io ,  but t h e  high values of 
the act ivat ion e n e r a  and preexponential factor  suggest t h a t  the reaction is  h a o -  
geneous i n  nature. 
reactor ,  containing products of reaction, had been allowed t o  s i t  at 280° for  1 
Lonth . 
21scuss10s 

Three possible mechanisms may be wri t ten which are compatible with the observed ra te  
expression, i.e., first order i n  ClF5 with no apparent i nh ib i t i on  as t h e  products 
accwula t e  : 

A )  Unimolecular Elimination of F2 

Also, it w a s  found tha t  the rates were unchanged a f t e r  t h e  

C l F 5  4 CLF3 + F2 

B) Non Chain Radical Mechanism 

CLr5 0 CLF4 + F 
C1F4 0 ClF3 + F 
F + F + M -. F2 + M 

C) Long Chain Radical Mechanism 

C h F 5  - clP4 + F 

CL"4 0 ClF3 + F 
F + Clr 5 -. C l F 4  + F2 

F + ClF4 0 CLF3 + F2 

"he long chain mechanism (C) may be questioned on the bagis of the observed r a t e  
parameters A and Z. Mechanism (C) requires that 

1 
A = (!*)+ and E P &(E5 + E6 + ET - E$ 

?he A fac tors  for the  1 - d i v i d p  s teps  can be estimated fran the generalizations 
yoposed by Benson aad Demore . nus, 

0. S. W. 3,enson anC Y. 3. Sezore, Ann. Rev. Phys. Chem., 16,426 (1965). 



a i .  

dasel-ved v d x e  of 7 9 are assunecl e q u d  to  + E-7, where AHo i s  
the  heat of reaction f o r  Cg; C1F3 + 2r" (&Yo = 57 KCal/mole) 
IS t'ce nczivstion energy fo r  the reverse of reection (7). Semenov's 

gives 9-7 = 2.5 :(Cal/xole and 36 = 11.0 KCal/n;ole. The raciical-rGdic& 

x a c t l o n s  (-5) =&(a)' are assmeri t o  have zero ac t ive t ion  energies. 
Z = i(57.0 + 2.5 + 11.0-0)- 35 KCal/aole. 
GbserveL value of h . 3  KCal/nole and suggests t h z t  the  long chain mechanism (C) 

Therefore 
T h i s  value i s  somewhat lower t h m  the 

-.. +obaiLy i s  zot inportant i n  the  decomposition of CWs. 

c _  u.7;'ortmztely the  data do not allow e choice t o  be nade between the molecular 
i l lmination mechanis-3 ( A )  za8 the  non chain mechanism (B). Thermochemical data 

f o r  the  reverse of reaction (4). Therefore, give Keq = 10 -~.a5~;+ 

U +  = 105-8 e-(-22,&0/i~) liter/mole sec. 
r.ot unreasonable fo r  a bko lecu la r  reaction. 
reaction (A)  camot  be eliminated. 

If the  non chain rad ica l  mech&nisn (B)  i s  correct,  then the measured activation 
energy, h0.3 XCal/mole, i s  equal t o  the bond dissociation energy f o r  the f i r s t  C1-F 
bond i n  C1? Tnis value seems reasonable since the  average bond enerfg i n  C l F 5  i s  
j6 i ~ a l / ~ O i e 5 ' 5 .  
by the  generalization of Benson and DeNore6 f un inoleculy  
reactions involving the  s p l i t t i n g  off of atms are i n  the  range of 10'' t o  1015sec- . 
It now remains t o  discuss the  recent photochemical investigation by Krieger e t  a l e  

clF3 ana T2 (365 su, 16-70') 

The A fac tor  105-8 l i t e r /no le  sec is  
fience, the nolecular elimination 

Further support f o r  the non chain rad ica l  mechanism is given 
t h a t  the  A f ac to r  

2 
They studieC tne  k ine t ics  of the  photochemical formation of C l F 5  from 

an8 obtained the complex r a t e  expression: 

, 
5 e i r  sonewhat unllsual nechanisn involves the  formation of an activated ClF5 molecule 
which can (1) be co l l i s iona l ly  ceactivzted t o  CW5, (2) reac t  d i r ec t ly  with C1F3 t o  
,Corn 2 C F 4  raLicals, or  (3) +it in to  CU4 + F. In order t o  explain t h e i r  observed 
r e su l t s  (quantum yield aependent on ine r t  gas pressure and on ClF3 pressure), a l l  
*- "r-ee 1 

zents. 
of these processes nust occur t o  an appreciable extent i n  each of t h e i r  experl- 

PI,. L..cse pLotochezica1 results indicate t h a t  the C P 5  activatec? nolecule decomposes 
r.oze r a p i ~ f  thazz c l a s s i ca l  theory would predict. 
of CL75 stould be press'ure ciependent and accelerated by the  presence of the  product 
CLT2. 

Also, the  thermal decomposition 

,7- -..e tkezzial &:..d -,hotoche-;lical resfits can be shown t o  be compatible i n  two ways. 
-._."..A i.. caz bc calculated from the  photochemical rate constaqts t h a t  the  accel- 
e.-3*-.- - e f fec t  0:' C l l 3  w o i i a  not be suf f ic ien t  t o  appreciably affect the  f i r s t -order  
plot shoi.3 I n  Fig. 1. 

at  various t o t a l  pressures t o  determine i f  the decomposition is dependent on the  
Therclal experiments would have t o  be run with added CLF3 and 

. . I "li Y. - .- . 

7. :;. :;. Sc~anov, "Sozle I ro3iess  i n  Chemical Kinetics ana Reactivity," Volune I, 
princeton University ? r e s ,  Princeton, New Jersey, 1958, P 29. 



If it ~ 3 ~ 7 s  o ~ t  Y'2t t he  t h e r m 1  decoz.sosi%ion r a t e  i s  waf rec t ed  by edcied CL73 
i-ert  scses,  ir; c o d d  be L-guet t h a t  t h e  ac t iva ted  conplex i n  the  photo- 

c'-cT' .. ..-Lu- m - 1  ' . . C - .  . ,-,tion cir'.'e?s i n  everage energy f r o n  the  them,ally-forrr.ea nctivatea 
cc:.$i.:.. ?,e fPLorine atozs foz.ed i n  t h e  photochenical decocnosition of F2,nust 
-----..-. I__.. cor.siL2:&:3le t r zx la t i onzd  e n e r a  s izce  t z e r e  tire no accessible e lec t ronic  
;;z:es. ZI's s o r t i o n  of t h i s  t r z x l a t l o n o l  mer&:, is converted t o  in te rna l  energy 

, 

I 
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Figure 1. First-Order Plot of C1F Decomposition Data at 293 C 5 
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Figure 2. Arrheniue Plot 
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Chlorine Fentafluaride 

T q D  OC 
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252.2 

, 252.2 
252.2 

268.5 
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288.2 
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293: 0 
293.3 
293.0 
293.5 
293.0 
*.O 

3m. 5 
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307.5 

263.2 

7, -c 

28.9 
113.0 
WA.5 
449.0 
196.8 

36-2 
115.3 

23.6 
36.3 

28.4 
40.4 
42.4 
55.0 

11.9 
28-1 
11.6 
1b.6 
3a.4 
38.4 
41.7 
62.8 
81.3 

70% 
9-16 

11-93 
12-9 

-1 
kl, sec 
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0.00300 
0.00213 
0.00246 

0.00803 

0.0170 
0.0158 

0.0250 
0.0252 

0.0357 
0.041 j 
0.0398 
0**59 

0.0360 
0.0413 
0.0391 
0.0394 
0.0408 
0.0432 
O.OJ&? 
0.0476 
0 . W  

0.0959 

0.123 
0.109 

0.115 

A -1. kl , sec 

0.00260 

0.00803 

0.0164 

0.0251 

0.0385 

0.0417 

, 
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Redox i n  t h e  C120-AsF System 

C. J. Scheck and D. P i l i p o v i c h  

Xocketdjme, a Divis ion  of North American Rockwell Corporat ion 
Canoga Park,  C e l i f o r n i a  91304 

5 : 

Dich1orir.e oxide (or c h l o r i n e  monoxide) hes  been r e p o r t e d  to form a 
c o i p l e x  with ,AsF5 %t -78' <nd st a5oxt  -50' formed an  odd molecule, 
ClOAsF?,, t t r o u g h  e l i m i n a t i o n  of .Cl*.l 

ometrjr ar.3 t h e  fict t k n t - t h e  p o s t u l a t e d  odd molecule  reectsd w i t h  NO2 t o  
q i v e  CINOj.  

1r.ference o f  t h e  s t r u c t u r e  as be ing  \ 
. . t h e ' ? o s t u l e t e d  odd molecule  w s s  drawn- fram t h e  observed r e e c t i o n  s t o i c h i -  

We were i n t e r e s t e d  i n  s t u d y i n g  v q r i o u s  a s p e c t s  of  t h e  proposed odd 
zolecule p a r t i c n l e r l y  es R reedy s o u r c e  of t h e  C 1 0  mdicP1.  However, w e  
f e l t  thRt ,  : ) r io r  t o  u t i l i z i n y  C10AsF5 a s  e n  i n t e r m e d i a t e ,  a more complete 
c h a r a c t e r i z a t i o n  was i n  order .  

Experimental  

Mnter in ls .  Chlor ine  mocoxide W R S  p r e p r e d  f r o n  C12 and yel low HgO 
usinr :  p nodi f  i e d  prccedwe.  * 
Ozark-Mshoning ?.nd used wi thout  G r i f i c a t i o n  e f t e r  gas c h r o m a t o ~ r ~ ? . y  
i n d i c a t e d  a of b e t t e r  t:ian 99.5~3. Chloryl  f l u o r i d e  was prepared 
f r o r  K C I O j  and p u r i f i e d  by f r a c t i o n a l  condensat ion.  I i i t rogen 
t e t r o x i 3 e  w i i s  2urcr.r.sed frorn t h e  Wetneson Co. and p u r i f i e d  by f r a c t i o n a l  
condensat ion.  

Arsenic  p e n t a f l a o r i d e  was purchased from ~. . 

- ~~ ~ _ .  6 I 
Phosphorus d i c h l o r i d e  t r i f l u o r i d e  was formed4 f r o n  PF7 and C l ? .  

. .- 

Apparatus. E x p e r i z e n t s  were conducted i n  two ~ ~ c u m  systems,  one 
c o n s t r u c t e a  of  F l a s s ,  t h e . o t h e r  of s t a i n l e s s  s t e e l - T e f l o n .  S o l i d s  were 
handled i n  en i n e r t  P t r o s c h e r e  c love  box. 
R Perkin-3lmer 157 I n f r a c o r d  u s i n g  5-CE ?as c e l l s  f i t t e d  wi th  A e C l  winlows 
D T  no I clc2 - 5 5 9  

d i f f r e c t i o n  pt terr :s  were obt? ined  v i t h  e 2. E. XRD5 i n s t r u m e n t  u s i n g  

I n f r a r e d  s p e c t r e  were taken  on ; 

3ebye-Schemer powder X-ray -. 
711::s  b++ween AgCl p l a t e s .  

! 
i, C d i  a r i d i n t i o n .  

'Japcr ?hr^se ctrometography of  r e a c t a n t s  and products  W-F cerr iec!  ou t ,  
on 8 column 7acKed wi th  5C6 u/w of  ae loceroon O i l  4-11V End Xel-F low 
d e n s i t y  501dlng powder Fccording t o  Dayan and NeRle.5 

t 

I" 

i ._ - - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
(1) 

( 2 )  

K. Schmeisser ,  Y. Fink and K. 3 r a n d l e ,  AnKew.  Chem. 3, 780 (1957). 

C.  L. Schack end C.  8.  Lindanl .  Inora .  and Nucl. Chem. L e t t e r s ,  
2, 787 (1467). 

-_- _. ._ --. 

, ( 5 )  A. Engelbrecht,,  AnLnaew. Chem., &, 442 (1954). 
- ___- 

( A )  R. R. Holmes and w. p. Gallagher ,  Inora.  Chem,, 2, 433 (1963). _- I 



\ 

86.  

Zeect ions  o f  Cl30 and AsF5. Measured i u a n t i t i e s  o f  C120 (117 cc, 
5.22 a n o l e s )  and A s F 5 - W ,  3.79 mmoles) were s e p e r a t e l y  condensed 
i n t o  t h e  r e a c t o r  (glass o r  Tef lon  t u b e s )  a t  -195O. 
changed t o  -78’ and i t  wes o j se rved  t h a t  t h e  nixed r e a c t a n t s  g r a d u a l l y  
developed a dark  red c o l o r .  Pun?ing on t h e  mixture  a f t e r  e few hours a t  
-78’ r e s u l t e d  i n  t h e  r ecove ry  of sone o f  t h e  s t a r t i n g  m a t e r i a l s  and much 
C 1 2 .  Subsequent wern ing  of t he  r e a c t i o n  t o  a r b i e n t  tempera ture  gave addi -  
t i o w l  sma l l  amounts o f  enseous m a t e r i a l s  End a whi te  s o l i d .  L i t t l e  or no 
-196O non-condenseble q a s e s  were observed throughout t h e  r e e c t i o n .  
1 1 1  cc  o f  v o l a t i l e  p roduc t s  were ob ta ined .  
a n a l y s i s  i n d i c a t e d  t h e s e  p roduc t s  t o  be a mixture  of AsF 
and C 1 2  (93.5 c c ,  4.17 mmoles) wi th  e t r a c e  of C 1 0 2  and no C 1  0. 
observed r eac t an t -p roduc t  r a t i o  of C 1  0:AsF : C 1  was 5.00:2.86:4.01. S i m i l a r  
r e a c t i o n  r a t i o s  were o b t a i n e d  when C 1  0 WRS use$ a s  t h e  excess  r eagen t .  
s o l i d  product showed two i n f r a r e d  bcn& 1280 cm” (m, d o u b l e t )  and 690 t o  
700 cm-’ ( 8 .  broad) .  Based on t h e  observed s t o i c h i  n e t r y  of t h e  r e a c t i o n  

t h e  s o l i d  n i g h t  be p r i n c i p a l l y  C102AsF6. 
w 8 s  prepared. 

The tempera ture  wes 

I n  a l l ,  , I n f r a r e d  and p s  chromatographic 
(17.5 cc, 0.78 m o l e )  5 The 

2 5  
The 

and t h e  known i n f r e r e d  f r e q u e n c i e s  of C1-06 and AaF 7 compounds, i t  appeared  
. 

Accordingly,  en a u t h e n t i c  sample 

PreparRt ion  of C103AsF . Chlo ry l  f l u o r i d e  (lil c c ,  4 .96  m o l a a )  and 
AsFg (63.7 cc ,  2.04 rnmol*were s e p e r a t e l y  condensed i n t c  a Teflon ampoule 
a t  -196O. After 1 hour  a t  room tempers ture ,  t h e  unreac ted  gases  were 
removed snd meqsured (48.0 c c ,  2.14 mnoles).  An i n f r a r e d  spectrum showed 
only CC102. 
t h a t  of t h e  solid from t h e  C120-AsF I n  a d d i t i o n ,  both s o l i d s  
fumed i n  a i r  and exploded on contac? wi th  wa te r .  
both s c l i d s  were ob ta ined  and  were i d e n t i c a l .  The observed spac ings  and 
r e l a t i v e  i n t e n s i t i e s  a r e  g iven  ir. Table 1. 

The wh i t e  solid product had an i n f r e r e d  spectrum i d e n t i c a l  t o  

Powder X-ray p a t t e r n s  of 
r e a c t i o n .  

Reaction o f  C10 .AsF5 and NO2. 
NO? PRS were r e a c t e d L f o r  1 hour  a t  0’. 
WRS ac.”,ieved but  i n  p o o r  y i e l d ;  20;6 for t h e  s o l i d  from t h e  C 1  0 r e n c t i o n  
nnd 3516 f o r  t h e  z 3 l i i  from t h e  FC102 r e a c t i o n .  

Weiahed amcunts of C102AsF6 and excess  
The exr,ected displacement’ of C102 

. ,  . .  

2 

- - - - - - - - - - - - - _ - _ - - - _ - - - - - - - - - - - - - - - - - -  
( 5 )  V. H. h y e n  m d  3. C.  l i ea l e ,  Advances i n  Chemistry S e r i e s ,  No. 54 ,  

k e r i c a n  C h e r i c a l  S o c i e t y ,  Wsshincton, D. C . ,  1966, p. 223. 
( 6 )  E. A. aobinson, Can. J. Chem., fi, 3021 (1963). 
( 7 )  B. Peacock end D. Sharp, J. Chem. Soc.,_1766 (1959). 
( 8 )  H. S c b e i s s e r  and ’d. Fink, Anaew. Chem., a, 780 (1957).  
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TABU 1 

X-RAY POWDER DIF'FRACTION DATA FOR C1O2bF6 

R e l a t i v e  R e l a t i v e  
d. 51 I n t e n s i t y  d. A I n t e n s i t y  
7.50 70 2.30 10 
5.55 30 ?.OR 60 
5.10 30 7.05 60 
4 .40  70 1 e95 40 
4.02 40 1.87 10 
3.65 100 1 .a4 10 
3.57 90 1 .a0 10  
?.&9 10  1.76 10  
3.07 50 1.70 20 
2.87 - 1.59 15 
2.76 ' l o  1.55 10 
2.69 - z ' l o  10 1.57 10  
2.54 - c 10 

fiepetion of PF5C12 and Cl10. A 1:1 mixture  of  PF C 1  and 
a l loded  t o  V ~ X T  t o  room t e m p e w t u r e  a t  which po in t  pn i n f r a r e d  
tr.ken. ?!.e on ly  i n f r a r e d  abso rb inq  material prePent W R S  POF,. 

7 2  C l 2 O  was 
spectrum was 

None o f  
t h e  PF7Cl , 8 s t r o n g  i n t r n r e d  absorber , .  r e m i n e d .  
was revee led  by i t s  c o l o r  when f rozen .  
observed. 

?he by-prdduct C12 
Wo non-vo le t i l e  s o l i d s  were 

e., Z e s u l t s  wid Discuss ion  
' .';< 

. I  

5 The r e a c t i o n  bf C 1  0 w i t h  AsF does  c o t  give t h e  odd molec,de ClOAsF 
Fur the r ,  t h e  r e a c t i o n . e p p e s r s  t o  but  F ives  i n s t e p <  %'hp szlt C1O2AsF2. 

f o l l o w  the  s to i ch iomet ry  shown i n  eque t ion  1: 

5 C l 2 O  + 3AsF 5 2C102AsF6 + 4C12 + AsOF, (1) 

The r e s c t i o n  s t o i c h i o m e t r y  does  n o t  a p p a r  t o  be de2endent on the exper i -  
mente1 r e a c t a n t  m t i o s .  The format ion  of C10 AsF w2s confirmed by prepar ing  
an  qu then t i c  s a z g l e  find compering t h e i r  X-ray2pateerns. 

FC102 + AsF5 _3 C102AsF6 ( 2 )  

I n  t h e  r e a c t i o n  of  C 1  0 w i t h  AsF5, t h e  e v c i u t i o n  of  C 1  

r e a o r t e d l  f o r  t h i s  procesc  s t  -50' i s  s5own i n  equa t ion  3 :  

a p p a r e n t l y  invo lyes  2 2 
r ~ c h  more com?lcx process  thqn 2 s icple  C1-0  bond rup tu re .  The equat ion  

C120*AsF 5 - C10AsF5 + 1/2  C l p  

C l 2 0  + AsF5 __* CIOAsFSCl ( 4 )  

C l 2 0  + C10AsF5C1 __+ C1O2AsF5C1 + C 1 2  

( 3 )  

We would prefer t o  propose  an i n i t i a l  s t e p  t h e t  i n f e r s  an i o n i z a t i o n  of 
C 1  0 ,  i . e . ,  s n  i o n i c  comnlex is  obtp ined ,  perhaps ClO+AsF C1-: 2 5 

The oxidf i t ion  of t h e  C 1 0 +  s p e c i e s  could then  proceed wi th  a d 3 i t i o n a l  C 1  0: 2 

(5) 

This  s t e p  ( a q u s t i o n  4 )  should  n o t  be cons idered  unusual inasmuch as o t h e r  
c h l o r i n e  oxi4es  are capsb le  of redox (e.g., C 1 0 2  g i v e s  some C1206 on 
pho to lys i s9 )  - 
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- The rrost d i f f i c u l t  r c t i o n e l e  is the format ion  o f  t h e  AsF6 
Admit tedly a m u l t i p l i c i t y  o f  d i v e r s e  r e e r t i o n  seqaences  could  be proposed 
r o s t  o f  which k'oul? be d i f f i c l l l t  t o  expe r imen ta l ly  v e r i f y .  3ne p o s s i b l e  
pa th  o f f e r d  involves  t h e  d i s s o c i ? t i o n  of C 1 0  AsF C 1  i n t o  i t s  cocponents  
w i th  :he suSsesuent  r e a c t i o n s  noted :  

i n  t h e  r eac t ion .  

2 5  

C102AsF5C1 __$ FC102 + AsFdC1 ( 6 )  

5 3AsF4C1- -> AaF?C12 + AsF 

AsF + PC102 -* C102AsF6 

. b ? , C l  + C l 2 0  _j AsF,O + 2C1 
5 
, 2  2 

( 7 )  

i a )  
(9) 

' It is  rer .d i ly  seen tnst t h e  suc o f  e l u z t i o n g  d th rough 9,  s u i t a b l y  v e i s h t e d ,  
.qivez equ?:io? 1. 

The i d e : i t i t y  o f  ASOF, w.97 t!ot e s t P S l i s h e d  as n product s i n c e  i t  is ti 

non-volat i le1° X-rs.v'nmor=hous s 3 l i d .  
f u r t h e r  eo -n l i ce t e  n r t t e r s  by s t u d y i n g  t h e  r e n c t i o n  of AsF C 1  w i t h  Cl 0 Q S  

a t e s t  ox" sTyf t ion  8 inasmuch a s  AsF,Cl "Foes i o n i c "  2nd 1s ?ornulate$ a s  
A d 1 4  AsF F. 
woul l  be 'he r e ? c t i o n  o f  PF3C12 2nd C1 0. Indeed, t h e  m p i d  convers ion  of 
PF CI t o  K F  : i r ~  ~1 ila i n  e;!urtion ?o: 

I n  a d d i t i o n .  we d i d  ~ o t  wish t o  

+ -  . V e  d i d  f e e l ,  howeve$, gha t  a s u i t r b l e  test  of  equa t ion  8 

3 7  3 2 
: ?F,C12 + C l 2 0  ?OF + 2C12 (10)  3 

stron&:ly suceestn t!wt "covRlent" AF' C 1  would r e a c t  s i n i l e r l y .  The 3 2  re;:ction cond i t iohs  "e s:ich th?t the reory : !n izs t ion  of AsF C 1 ,  p o s t u l a t e d  
- 9  rin in t e r r . ed ie re  i n  e . : u a t i o n  6, would Tive i n i t i a l l y  t h e  8ovz len t  s t r w t u r e .  

The i n i t i n l  r e s o r t  on t h e  prep? r - t i ons  o f  "C 
re rc : ion  of NO -9 P proof o f  t h e  r r l i c a l  ? r e s e n t  7 

ClOAsF + 2LC2 ::C),i.sF + C11i07 (11)  5 L 5  
T?,e Ftvistence of "0 A s "  h?s r . lresdy been ?ues t ioned  P e r i o u s l y  and appar- 
ently disarovedt2: 'Fur?her. t h e  formnt ion  of soze ClNO?  should  be expected 
f'r(;c ..i- ~~..,,-. :.--> , c. ..,- i NO 
ciiio, 
- - * - .  

in.-s-uc!: 2 s  t h c  r?oc:icn of C:07 2nd NO r i v e s  
2 ~t i? ~ u i t e  l i k e l y  t h n t  t he  r e a c t i o n  oSaerve3. by Scgmeisser  &. - - - -  - - - -  - - - - -  
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was t h e  i n i t i . 1  d i s p l a c e n e n t  of C 1 0 2  from C102AsF6 by NO, fol lowed by a 
r e e c t i o n  of C10 ,  w i t h  NO2, t h e  o v e r a l l  r e a c t i o n  being: 

- 
- 

C102AsF6 + 2N02 ___t NG2AsF6 + CINOg + 1/2 O2 (12)  

Except f o r  t h e  formation of t h e  oxygen, t h e  r e a c t i o n  i n  equat ion  12 has 
t h e  s?me s t o i c h i o m e t r y  of KO2 t o  "so l id"  R S  t h a t  r e p o r t e d  i n  e q u a t i o n  1 1 .  
Thus, t h e  proof of "C10AsF5" through i t s  r e a c t i o n s  o r  i t s  s y n t h e s i s  i s  
not  ccnc lus ive .  

, 

1 

i '  
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DENSITY, VISCOSITY AND SURFACE TENSION OF O,-OF, 

C h a r l e s  Hersh 

IIT Research I n s t i t u t e ,  Chicago,  I l l i n o i s  
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FREEZING POINT DEPRESSION IN L F i  SYSTEMS 

By W .  D. English, W.  A. Cannon and W. E. Crane  

Astropower Laboratory,  McDonnell Douglas Corporation 
Newport Beach, California 

INTRODUCTION 
In some test  p rog rams  at  Douglas using liquid fluorine and liquid hydrogen, 

we found it  was desirable  to lower the freezing point of fluorine without appreciably 
affecting i t s  chemical reactivity. The use  of a eutectic mixture  with another cryo- 
genic oAdizer seemed the method of choice, and consideration of physical and chemi- 
cal  properties led us to  select  oxygen difluoride, OF2, f o r  the other  component. 
Oxygen was also suggested, but was not used because of reports  of the  quenching 
effect  oxygen has on the fluorine-hydrogen reaction (Reference l ) ,  an effect  we also 
found in our  research on the ignition of the L F  
and which has also been reported in the OF2-l$-reaction (Reference 3). LO2 was 
therefore  dropped f rom fur ther  consideration. 

I 

’ ,  

LHz reaction in LH2 (Reference 2 )  

Theoretical calculations of the freezing point depression in the F2-OF2 sys- 
t em were ca r r i ed  out. 

THEORETICAL 

assume several  general forms  according t o  the  nature  of the components (Reference 
4); these forms  may be classified a s  follows: 

These suggested that experimental  investigation was warranted. 

The equilibrium o r  phase d iagram of a two-component solid-liquid system may 

1. Eutectic Systems 

a. Simple eutectic 
b. 
c. 
d. 

Monotectic (special  fo rm of simple eutectic) 
Compound formation with congruent melting point 
Compound formation with incongruent melting point 

2. Completely Miscible Solid Solutions 

a. Continuous solid solution 

c. Maximum melting solid solution 

\> 
b. Minimum melting solid solution r, / 

3. Part ia l ly  Miscible Solid Solutions 

a. Per i tect ic  solid solution 
b. Eutectic solid solution 

\\ 

1 
In o rde r  for  nonpolar compounds to  f o r m  solid solutions, the following condi- 

1 tions must  generally be satisfied: 

1. h a l o g o u s  chemical constitutions 
2. Similar crystal  s t ructures  
3. Nearly equal molecular volumes 

While little is known of the crystal  s t ruc tu res  of F 2  and OF2, it is certain that 

, , conditions 1 and 3 a r e  not satisfied,  and it is unlikely that solid solutions will form. 
Fur thermore ,  t he re  is no h o w n  tendency toward compound formation between OF2 
and F2. Thus simple eutectic o r  monotectic sys tems a r e  probable - -  and the la t te r  

) a r e  rarely encountered. ’ 
\ 

i 
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If i t  i s  assumed that the  sys t em would be a s imple eutectic, with the solution 
of each component in the o ther  obeying Raoult 's Law, and the liquidus curves con- 
forming to equations for  ideal  solutions, the  following considerations will apply: 

F rom the Clausius-Clapeyron equation it can be shown that for  equilibrium 
between solid solvent and vapor ,  at constant p r e s s u r e ,  

d J n P s  LS 

RT' 
___ - -  

d T  - 

F o r  an equilibrium between liquid and vapor, the corresponding equation is 

I 

d t n P L  - Le - -  
R T ~  dT - 

If it i s  assumed that the equations hold fo r  supercooled solution in contact with solid, 
then 

At the freezing point of the  solution, the vapor p r e s s u r e  of the solid solvent must 
equal that of the solution, hence 

d h ( P  / PL) Lf 

~ - RT' d T  

Since Pl/PL = X 
then 

(mole fract ion of solvent in solution) if Raoul t ' s  Law i s  applicable, 1 

If th i s  i s  integrated between T and T (where X1 = 1) 
0 

where  T is the  freezing point of the  solution at solvent concentration XI. 
a s s u m e s  that Lf  i s  independent of tempera ture ,  which is not s t r ic t ly  t rue,  but this 
approximation was used, s ince  the normal  variation of Lf with tempera ture  would in- 
c r e a s e  the freezing point depress ion  in  contrast  to the rea l  nonideality of the solu- 
t ions,  which tends to d e c r e a s e  the depression. 

This  

Using the las t  equation, the  freezing point, T,  was calculated for  various 
concentrat ions of F in OF2 and O F  in F2. 
the heat of fusion o k F 2  (Reference  6. N o  value for  the heat of fusion of OF2 could 
be found in the l i t e r a tu re ,  s o  i t  was  est imated that the entropy of fusion was 6. 5 ,  
which impl ies  a heat fusion of 320 cal /mole.  

A value of 122 ca l /mole  was used for 

This  value was used for  the calculations 
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involved f o r  constructing the  phase diagram. 
39OK a t  an F2 mole fraction of 0. 65 resulted.  

A minimum freezing tempera ture  of 

Solid fluorine is reported to undergo a transit ion a t  45. 55OK with a heat of 
transit ion of 173. 9 ca l /mole  (Reference 5). Inasmuch a s  the solid fluorine can exist 
in two f o r m s  above the predicted eutectic tempera ture ,  the  equilibrium diagram be- 
comes m o r e  complicated. 
value of 1 2 2  cal /mole a s  the heat of fusion of fluorine until t h e  t ransi t ion tempera ture  
was reached, after which the liquidus curve was assumed to  undergo a change in 
slope corresponding to the heat of fusion plus the heat of transit ion.  
continued to  meet the  OFZ- rich liquidus curve leading to a theoret ical  minimum 
freezing point of 40°K at  0. 54 mole fraction F2. 

The theoret ical  phase d iagram was  recalculated using a 

This  curve was 

xAPPARATIJS 

A Pyrex  apparatus  was designed and built f o r  this experiment. It i s  i l lustrated 
in  F igures  1 and 2. , It consis ts  of a central  volume for the tes t  chamber ,  fitted with 
inlet tubing, a solenoid operated s t i r r e r ,  and a thermowell. The central  tube is s u r -  
rounded. by several  annuli a r ranged  concentrically in the following o rde r  - -  an annulus 
in.which the p re s su re  can be controlled to control heat t ransfer  r a t e s ,  an annulus f o r  
liquid helium to cool ' the  fluids in ' t es t ,  an evacuated annulus, an annulus for  liquid 
nitrogen (heat shield) and another evacuated annulus. 
si lvered e'xcept for s t r ips  for  observation of the  interior.  

The evacuated annuli were  

Liquid helium i s  supplied to the cooling bath f rom 25 l i t e r  t ranspor t  Dewars 
connected to the apparatus  b.y insulated lines. .Liquid nitrogen was  poured into the 
heat shield when needed. 

Temperatures  were  measured  with a copper-constantan thermocouple inserted 
in the thermowell with an external reference junction at.liquid nitrogen temperature .  
Thermoelectr ic  potentials were  measured  with a Grey  type E-3067 potentiometer 
and tempera tures  es t imated f r o m  the tables and data  of Powell, Bunch, and Corruc-  
cini (Reference 6). The thermocouple calibration was checked against  boiling liquid 
nitrogen and hydrogen a s  fixed points. 
constantan i s  about 12. 1 microvol ts  p e r  degree.  
o r  better for  the potentiometer,  the sensit ivity of tempera ture  reading i s  about 0. 4O. 

At 50°K the  thermoelectr ic  emf for  copper- 
With a sensitivity of 5 microvol ts  

M A T E R I A 4  , 

The oxidizers tes ted were  obtained in the gaseous s ta te  f r o m  commercial  
Fluorine supplied by Air Products  and Chemicals was passed over  an suppliers.  

NaF absorption scrubber  to  reduce the H F  content to  0 . 0 2  vol 70. 
supplied by Allied Chemical Division of General  Chemical was  a l s o  t rea ted  with NaF 
to remove HF. 

PROCEDURE 

The quantities of f luorine and oxygen difluoride were  measured  by volume in 
the liquid state;  -weights were calculated f r o m  reported (References 7 and 8) densi-  
t ies .  A glass  ampul of calibrated volume was attached t o  the oxidizer supply mani- 
fold. The system was  evacuated, the  measuring apparatus  and the ampul were 
chilled with LNZ to 77OK, . the tes t  apparatus  was valved off, and t h e  oxidizer supply 
was valved open. When suffjcient oxidizer had condensed in the ampul ,  the  supply 
was shut off, the l ine to  the tes t  unit was valved open, and the  LN2 was removed 
f r o m  around the ampul,  causing the oxidizer to  disti l l  into t h e  test apparatus.  
distillation was complete,  the ampul was valved off. 

Oxygen difluoride 

When 
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After  condensation of oxidizer was complete,  the solenoid s t i r r e r  was  acti-  
vated,  liquid helium was  supplied to  the  cooling bath, and the p r e s s u r e  in the heat- 
t r a n s f e r  annulus adjusted to  attain a cooling ra te  of about 1°K/minute. The emf of 
the  thermocouple was continuously monitored, and the value recorded at 30 second 
intervals .  
ment.  

t u r e s  of F 2  and OF2. The recorded thermocouple p o t e n t i s s  were converted to  tem-  
pe ra tu res  f rom which cooling curve graphs ( temperature  vs. t ime)  were  plotted for 
each solution concentration. Tempera tures  at which 
b reaks  in  the curves occur red  were  identified, and these  were plotted on a tempera-  
t u r e  vs.  concentration,graph to  provide a typical phase d iagram (Figure  4). 
d a t a  used f o r  plotting the phase  d iagram a r e  tabulated in Table I. 

RESULTS AND DISCUSSION 

The appearance of the oxidizer was observed visually during t h e  experi-  

The experiments  w e r e  conducted with F2, with O F  and with several  mix- 

Figure 3 i s  a typical example. 

The 

It was  determined tha t ;  within the accuracy  of the experiments ,  the  binary 
sys t em F 
rine-rich$;qui$us curve  due to  a solid phase t ransi t ion at 45 2 0. 5OK. 
of t h e  tempera ture  measu remen t s  was  t 0. 5OK. 
cu rves  were  plotted and extrapolated to the i r  intersect ion (the eutect ic) ,  t h e  e r r o r  
i n  composition was -f 2 m o l e  %. 
through the  experimental  points. The e r r o r s  in quantit ies of components used a r e  
believed to  be considerably l e s s  than these.  
to be 4 3  ? 0. 5OK and. the eutectic composition 0. 59 -f 0. 02  mole fraction fluorine. 

O F  exhibited typical eutectic formation with a probable break  in the fluo- 
The accuracy 

When the  temperature-composi t ion 

This  variation i s  indicated on the graphs by the bars 

The eutectic tempera ture  i s  estimated 

TABLE I 

OBSERVED FREEZING POINTS - -  O F  LF2 MIXTURES 

Initial 
Mole yo F. P. 

F2 OK 

1. 100.0 53. 0 
2. 80. C 48. 3 
3. 69. 5 
4. 46. 0 45. 6 
5. 28. 0 4L.8 
6. 0 49. 2 

T ran sit ion 
Temp. 

OK 

45. 0 
45. 0 

Eutectic 
F. P. 
OK 

43. 5 
42. 4 
43. 3 
43. 4 
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GLOSSARY 

P = vapor p r e s s u r e  s =  
L = latent heat L =  
R = gas constant e =  
T tempera ture ,  OK f =  

1 =  
o =  

SUBSCRIPTS 

solid s ta te  o r  sol id-gas  transit ion 
liquid s ta te  o r  l iquid-gas transit ion 
evaporation 
fusion 
solution 
freezing point of pu re  solvent 
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RFACTIONS OF OxYcm TETTRAFLUOROBORATE 

C. T. Goetschel, V. A. Campanile, C. D. \dagner, and J. N. Wilson 

Shel l  Development Company , Emeryville , California 

Introduction 

Recently ve developed an e f f i c i en t  method of preparing F202. This 

I t  i s  r e l a t i v e l y  s t ab le  a t  room 
compound is  known t o  r e a c t  w i t h  boron t r i f l u o r i d e l )  t o  produce @2+BF4-. 
i s  kno1.m of the  reaction of 02%F4- i tself .  
temperature, but r eac t s  r ead i ly  w i t h  organic compounds. For instance, t i n y  
pa r t i c l e s  dropped i n t o  benzene or isopropyl alcohol i n s t an t ly  i g n i t e  f i r e s .  
The only known inorganic reaction1) i s  with NO2 where oxygen i s  displaced giving 
N02+BF4-. 
inorganic a s  well a s  some organic c ~ p o u n d e .  

Li t t le  

This paper describes some additional reactions of O2%F4- w i t h  

Results and Discussion 

A. Inorganic Reactants 

1. Xenon 

Since xenon has near ly  t h e  same ionization po ten t i a l  a s  02, and since 
Xe+ should be smaller than  02+, we f e l t  t ha t  possibly xenon would replace oxygen 
t o  give the novel Xe%F,-. When l iqu id  xenon (165°K) and so l id  02%F4- 
(Xe/02+BF,- - 15) were mixed in an evacuated tube, oxygen was released. 
reac t ion  was accomplished by allowing the  xenon a l t e rna te ly  t o  vaporize and 
condense around t h e  O2fBF4-. 
l iqu id  nitrogen and any non-condensable gases were expanded i n t o  a fixed volume. 
The mass spectrum of tl;e expanded gases showed only oxygen. 
pumped off;  the  reac t ion  tube wea warmed enough to l iquefy t h e  xenon and t h e  
procedure was repeated. This was continued u n t i l  no fu r the r  oxygen was obtai'ned 
(about 85:: of theory). Then the xenon was vaporized a t  173'K (any BF3 would 
a l so  vaporize a t  t h i s  temperature) and expanded i n t o  a fixed volume. 
of xenon ( the  amount reacted) was the  same a s  t he  amount of oxygen collected.  
The mass spectrum indicated e s sen t i a l ly  no BF3 was i n  the  expanded xenon. 

The 

After several  minutes t h e  sample was cooled in 

The oxygen was 

The loss 

0 

After removing e l l  the xenon, t he  remaining w h i t e  so l id  was slowly 
Decomposition became appreciable a t  253°K with complete decomposition warmed. 

a t  room temperature. 
with a Xe:BF3 r a t i o  of 1; we believe this t o  be evidence f o r  t he  existence of 
Xe+BF4-. 
decomposition of some unreacted 02%F4-, or possibly frm a xenon-oxygen compound 
of low s t ab i l i t y .  
temperatures a s  l o w  a s  165% to  give f r e e  oxygen and a xenon compound. 

The mass spectrum of the  gases showed Xe, BF3, and F2 

Some O2 was observed as well. The oxygen could have c m e  f r m  the  

It is  e firm conclusion that xenon r eac t s  with 02%F4- e t  

2. Chlorine Dioxide 

/ 

/ 

d 

J 

Chlorine dioxide was prepared by dropping sull 'uric acid onto a mixture 
of KC103 and g lass  chips. 
cb ,PJd  passed first through 8 drying tube (P20s), then through a sample of 

The ClO, generated was then d i lu ted  i n  e stream of 
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02%F4- which was supported on a g lass  frit and cooled t o  195'K. A n  immediate 
reaction occurred, releasing oxygen. 
The product, a light-yellow solid,  was unstable a t  room temperature. The mass 
spectrum of i t s  decomposition praducts shotred only m/q peaks f o r  fragment ions 
f r o m  C102, BF3 and F2. 
from the  reaction of chloryl f luor ide  with boron t r i f l uo r ide .  

Within minutes the  reaction was completed. 

The product C102%?F4- has previously been reported2) 

3 .  
I n  hopes of preparing t h e  novel C 1  %F4-, ClF3+BF4-, and NH3bF4-, 

Chlorine, Chlorine Trifluoride,  and Ammonia 

0 w e  passed the  corresponding gases through O2%+-. 
displaced. 
(223°K t o  195'K). 

I n  each case oxygen was 
However, the  products were not s tab le  a t  t he  reaction temperature 

4. Cyanogen 

A t  248"K, 02+BF4- dissolved i n  l iqu id  cyanogen t o  give a clear,  . 
color less  solution. 
a f t e r  remove1 of the  cyanogen. 

However, no oxygen was displaced and 02+BF4- was recovered 

B. Organic Reactants 

Although benzene and isopropyl alcohol spontaneously inflame when a 
milligram of 02%F - is added, we  felt that reactions with other spec i f ic  
organic compounds t i n  par t icu lar  perhalogenated materials)  could be studied 
under carefully controlled conditions. 

Indeed, when liquid C C l ,  was condensed around O2+BF+' a t  250"K, a 
smooth reaction occured t o  l i be ra t e  02, C12, and BF3, forming CFC13 and CF2C12. 
I n  a l i k e  manner, 02%F4- reacted w i t h  CF2C12 a t  233°K t o  form CF3C1, essen- 
t i a l l y  uantitatively.  No CF4 was detected. Hexafluorobemene a l so  reacted 
with O2 % F4- a t  298% t o  give 02, F2, BF3, and fluorinated hydrocarbons with 
the following prominent ions i n  the  mass spectrum: 
C g F S + .  Some oxygen was converted t o  C& and OF2. It was a l s o  found that , 
methane and ethane w i l l  inflame a t  195°K. 
between perf luorocyclobutane and O2+BF4-. 

methane and C l F 3  have higher ionization poten t ia l s  than tha t  of O2 (12.2 ev). 
Cyanogen, with both unsaturation and a higher ion iza t ion  potential ,  did not , 
reac t .  I n  the case of compounds with ionization poten t ia l s  below or equal t o  
t h a t  of 02, a reasonable mechanism f o r  reaction is  e lec t ron  t r ans fe r  t o  l i be ra t e  
0, and form a new ion which may or m y  not reac t  fur ther .  

It should be noted that no CF4 was formed from the reac t ion  of Oz+BF4' 

CF3+, c2F4+, C*Fs+, and 

However, there  was no reaction 

Of the compounds tha t  were found t o  r eac t  readi ly  with 02+8F4-, both 

with CC12F2, whereas CClzF2 was a product from the reaction with C C L .  
would be expected i f  t h e  primary products from the  unstable CCl2F2%F4- and 
CC4+BF4- were CClF3 and CC1$ 

O2%F4-. On the  other hand, C C W  has a Pavor- 
able ionization potential ,  and fu r the r  reaction with 02+BF4-is possible, giving 

This 

respectively. The former product has a higher 
ionization poten t ia l  (12.9 ev) 5. J4) than O2 and is  less l ike ly  t o  r eac t  with 

Therefore no CF4 was observed. 

CClZF2 * 
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PREPARATIPN OF FLUORINE PEROXIDES AND DIOXYGEN TETRAFLUOROBCIRATE 
BY Lo:! TFAPEFA- RADIOLYSIS 

i C. T. Coetschel, V. A. Campanile, C. D. Magner, and J. N. blilson 

1 Shell  Development Company, Emeryville, California 

I 

Introduction 

More than three decades have elapsed since it w a s  shown t h a t  oxygen 1, ’ and fluorine could be combined by passage through an e l e c t r i c a l  discharge. 
The product, condensed on a very cold surface, w a s  dioxygen d i f luor ide ,  02F2.1) 
More recently, higher oxides of f luor ine  have been similarly prepared; these 
have been claimed t o  be O ~ F Z , ~ )  04F2,3) 05F2 and OeF2.4) The existence of O4F2 
appears t o  be well  established; however, there  has been some controversy con- 
cerning the existence of 0 3 ~ ~  a s  a molecular  specie^.^) 

Although 02F2 a d  04F2 are  s tab le  only a t  very low temperatures, 
considerable evidence has been acquired concerning t h e i r  physicale-lo) and 

of the oxygen f luor ides  has remained the  same. 
t he  radiation-induced reaction of oxygen and f luor ine  i n  a condensed phase. 

properties. !!ith a l l  these s tud ies  the  method of preparation 
No work has been reported on’ 

The present study describes the  reaction of these materials i n  the 
l iquid phase a t  77°K. 
bremsstrahlung. 

Procedure 

Reactions were induced by high in t ens i ty  3 MeV 

h 

I 
a bremsstrahlmg was generated by d i rec t ing  the  3 MeV, 1 ma unscanned electron ’ 

Except f o r  ce r t a in  cases, ca 1.0 m l  samples (28 moles) were i r rad i -  

The high-intensity 3 MeV 
ated i n  vacuo i n  s t a in l e s s  s t e e l  o r  sapphire vessels a t  77°K f o r  1-2 hr  a t  dose 
r a t e s  up t o  100 megarads/hr of 3 MeV bremsstrahlung. 

beam from a Van de Graaff accelerator onto a water-cooled gold target.17) 
Folloving the i r r ad ia t ion  the  reaction vessel was attached t o  a vacuum l ine  

s‘me and analyzing w i t h  a mass spectrometer.”) 
volume and composition of gases from decompositions of products could be 
measured. 

, with provisions fo r  expanding i n t o  a predetermined volume, measuring the  pres- 
With this equipment the  t o t a l  

0 

\\ 

’, 

Ir. experiments where BF3 was added t o  the i r rad ia ted  sample, the  BF3 
was condensed i n  the  top  of the  i r rad ia ted  sample tube. 
nitrogen surrounding the  tube vas then slarly lowered t o  d i s t i l l  t he  BF3 to 
the  buttorn of t he  tube. 
t he  reaction vessel could reac t  with t h e  BF3. 
were removed a t  77°K; the  sample tube was warned t o  195°K and the  unreacted BFs 
vas pumped off.  

The dewar of l iquid 

Ry t h i s  method any material  deposited on the  wal ls  of 
The excess oxygen and fluorine 8 

Results and Discussion 

d The i n i t i a l  mixtures of F2 and 02 had a yellow color; a f t e r  irradia- 
t i on  a reddish-brom.solid was observed on the  walls of the  sapphire tube. 
The sc l id  i s  presumed t o  be a mixture of F202 and F& w i t h  possibly other 
oxides of fluorine.  I n  each of t he  experiments described below (Table I.., 
excess F2 and C2 were removed a t  77*K, f i r s t  by evaporation i n t o  t h e  calibrated 

I 

i 
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volume and then by pumping t o  a few microns pressure; this treatment would also 
remove F20. 
F2@2; the O2 released was measured gasometrically. 
out most successfully by removing the l iquid nitrogen bath u n t i l  a small in- 
crease i n  pressure was observed, replacing t h e  l iquid nitrogen, and repeating 
the  process u n t i l  the  F202 could be melted (113°K) without fur ther  oxygen 
evolution. The oxygen thus  evolved i.as mass spectrometrically f r e e  of F2 
(hsiever, this was not a very sens i t ive  t e s t  because the mass spectrometer 
i n l e t  system vas somewhat reactive with small 
blood-red l iquid F202 was then frozen a t  77°K ?orange so l id)  and the  residual 
O2 w a s  pumped away. Subsequent remelting a t  113°K resulted i n  no fur ther  re- 

' l ea se  of OP. The sample was then warmed slowly t o  room temperature t o  decompose 
the  F202 and measure t h e  F2 + 02. 

This procedure was occasionally unsuccessful i n  cases with the  i n i t i a l  
mole r a t i o  F2/02 of 1.0 o r  3.0, because a minor explosion ("pop") would be heard 
dwing  the decomposition of F2O4, accompanied by a sudden r i s e  i n  pressure. 
The gasmet r ic  da ta  indicated t h a t  i n  these cases some of t he  F202 was decom- 
posed during the  sudden decomposition of F204. Because of this, the  apparent 
yields of F& and F202 reported i n  Table 1 a r e  taken only from experiments i n  
vhich there vas  no audible evidence of explosion. Nevertheless, t he  reported 
y ie lds  of F204 may be s l i g h t l y  t o o  high i n  some cases because of sane decomposi- 
t i o n  of F202 during t h e  decomposition of F204. 

The sample was then warmed cautiously t o  decompose the  F2@4 t o  
This oreration was carried 

uan t i t i e s  of f luor ine) .  The 

The da ta  reported i n  Table 1 show several  unusual features.  F i r s t ,  
i n  t h e  mixtures Containing only F2 and 02, t h e  number of millimoles of oxygen 
converted to F202 ard F204 remain nearly constant desp i te  a large variation i n  
the  i n i t i a l  r a t i o  of F2 t o  02, even when the  major pa r t  of the  oxygen was 
consumed. The G-value f o r  products a l so  remained constant a t  a value tha t  is 
several-fol higher than the  values t h a t  a re  usually found f o r  non-chain 

conditions involves a short  chain process t h a t  i s  in i t i a t ed  with approximately 
equal efficiency whether t he  i n i t i a l  absorption of energy i s  done by oxygen or  
by fluorine. 

These observations suggest t h a t  the formation of F202 under these 

, 
Another observation is tha t  t he  r a t i o  of F20 t o  F202 i n  t h e  products 

displays no obvious trend v i t h  t h e  i n i t i a l  r a t i o  of F2f02. The possible chain 

L F. 1 F2 1 F2 1 F2 

F2 F202 + F. F204 + F. F2@o + Fa 

'muld not lead t o  these  r e s u l t s  i n  a hcmogeneous system, but the k ine t ics  are 
probably conplicated by t h e  f a c t  t h a t  t he  products prec ip i ta te  a s  solids.  

t h a t  the  presence of argon ha6 a small pos i t ive  e f f e c t  on t h e  t o t a l  conversion 
of oxygen, whereas d i l u t i o n  with citrogen does not appear t o  e f f ec t  t he  yield. 
Some energy t r ans fe r  from argon seems icdicated.  

The experiments i n  which the  reac tan ts  were diluted with argon show 

a)  G f o r  ion p a i r  formation is 'expected t o  be about 4; f o r  rad ica ls  it often 
ranges f r an  6-10. 
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One experiment was done with a large excess of oxygen (F2/02 = 1/61. 

The color of t he  solid remaining i n  the 
The m e a c t e d  F2 and O2 (21.6 m o l e s  out of an i n i t i a l  28) were removed and 
the  reaction tube evacuated t o  < 5 p. 
sapphire tube was very dark brown. ' hen  the  l iqu id  nitrogen ba th  was momen- 
t a r i l y  removed and the sample was illuminated b r i e f ly  with a f l a sh l igh t ,  the 
product detonated v io len t ly  and shattered the  sapphire tube. 
detonation bias due t o  the  presence of a large amount of F204 or  t o  F20e i s  not 
known. I t  is unlikely tha t  the detonation w a s  due t o  O3 since i t s  vapor pres- 
sure i s  well above 5 CI a t  77°K and should have been pumped o f f .  
unstable F20, (dark brown i n  color) has been reported t o  explode on illumination 
or sudden warming. 

Whether the 

The very 

I t  i s  claimed t o  decompose thermally about 90°K. 

I n  the experiments l i s t e d  i n  Table 1, some F20 was formed i n  addition 
t o  F202 and F204j t h e  amount was r e l a t ive ly  small and was not studied 
systematically. The presence of F20 was detected by mass spec t rme t r i c  analysis. 

Experiments Vith Added FFrl 

e ra tures  t o  form the  ionic campound O2%F4-. 
i r rad ia ted  mixtures of O2 and F2 i n  order t o  explore the  radiation route t o  
O2+BF4- and possibly t o  04+RF4-. 

i r r ad ia t ion  tube containing the  formed f luor ine  peroxides (ca 1.7-2.0 millimoles) 
suspended i n  the  excess fluorine and oxygen. 
bottom of the tube and the  contents mixed by a l te rna te ly  vaporizing and condens- 
ing a portion of the  excess f luor ine  and oxygen. I n  t h i s  manner the  BF3 was 
be t t e r  able t o  contact the  reddish-brown peroxide. The excess f luor ine  and 
oxygen were then removed under vacuum a t  771. llhen the  contents were warmed 
t o  113"K, a rapid reaction mcurred, and t h e  color changed t o  orange. T h i s  
suggests t ha t  much of the  F2O4 decomposed without reacting with BF3. The orange-\ 
color changed t o  white when the tem erature was raised t o  143°K; t h i s  corresponds 
t o  the conversion of the  F202 t o  02gF4-s Further warming t o  2401 led t o  s l i gh t  
deccmposition; the  remaining solid was r e l a t ive ly  s tab le ,  decomposing only very 
slowly a t  rwm tercperature and atmospheric pressure. The decomposition i s  much 
more rapid under reduced pressure, indicating a reversible s tep  with a gaseous 
product i n  the deccmposition. 
i n  a dry box and weighing it. 

It has been sham by others15) tha t  BF3 reac t s  with F202 a t  low temp- 
'!e therefore added BF3 t o  

Boron t r i f l uo r ide  (3.5 moles )  was condensed i n  the  top  of the  

The BFs was d i s t i l l e d  t o  the 

The yield vas measured by recovering the  solid 

The gases evolved upon warming t o  240°K consisted of 02, F2, and BF3. 
I r rad ia t ion  of various fluorine-oxygen mixtures followed by addition of BF3 
gave gases fo r  t h i s  low-temperature decomposition i n  t h e  r a t i o  of (02 + Fz:/BFs 
of 1.9 -1.35. There i s  a systematic tendency f o r  t h i s  r a t i o  t o  be higher when 
t h e  t o t a l  volume of gas l iberated is low. 
decomposition of an oxygen-rich canpound, probably 04+BF4-, with simultaneous 
induced decomposition of some of the 02%F4-. (Evidence f o r  the formation of 
O4+~F4- from F2O4 has a l so  been obtained i n  an independent investigation by 
Soloman and h i s  colleagues.)ls) 

These findings correspond t o  

The more s tab le  product (presumed t o  be O2+BF4-) decanposed rapidly 
The elemental analysis of t he  so l id  was above 300°K t o  give 02, FBI and BF3. 

F, 62.6 . B, 8.6$; theory, F, 63.7s; B, 9.3:). The infrared spectrum of the 
po1:der % h i e e n  s i lve r  chloride p l a t e s  exhib i t s  t he  charac te r i s t ic  absorption 
frequencies?') of t h e  BF4- ion. 
observed, but t h i s  ion should have no dipole moment. 

No absorption band a t t r i bu tab le  to 02+ was 

I 
I 
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The x-ray powder pa t te rn  (Table 2) i s  very similar t o  t h a t  of the 
l i k e l y  ismorphous compound. (The n i t rosy l  and dioxygenyl cations a re  
similar i n  size.)21) A comparable correlation1*) was found f o r  NO+AsFB- and 
O~+ASF,-. 

The EPR spectrum of the  so l id  a t  77°K was a broad s igna l  w i t h  a G-value 
of 1.94 and a peak-to-peak separation i n  the  derivative mode of about 382 gauss. 
Kirshenbaum and Grosse22) found similar r e s u l t s  i n  HF solution. 
e t  a115)23) reported s imi l a r  results f o r  the  so l id .  

Soloman, 

The y i e lds  of Oz'BF4- recovered from various experiments a re  l i s t e d  
i n  Table 3. 
ments l i s t e d  i n  Tables 1 and 3 ind ica tes  t h a t  a l i t t l e  l e s s  than t w o  moles of 
F202 a re  required t o  produce one mole of O2+BF4-. Either some decomposition of 
F202 occurred during t he  process of uarming t o  the temperature of reaction with 
RFs, or the  formation of Oz'BF4- i s  accompanied by a side reaction t h a t  
decomposes par t  of t he  F202. 
ment with a l a r g e  excess of oxygen present during i r r a d i a t i o n  (F2/02 = 1/6), 
t h e  excess F2 and O2 were successfully removed without detonation a f t e r  BF3 was 
added. 
t he  formation of la rger  amounts of a l e s s  s t ab le  compound. One other observa- 
t i o n  of i n t e re s t  is that when BF3 i s  present during the  i r rad ia t ion ,  the  y i e l d  
of O2%F4- f ina l ly  recovered is r e l a t ive ly  small. 
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' Comparison of the  y ie lds  a f t e r  1 h r  i r r ad ia t ion  time i n  the  experi- 

It w i l l  a l so  be noted t h a t  i n  the  single experi- 

The yield of 02+BF4- was r e l a t ive ly  small, but there  was evidence f o r  
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Table 1. YIELDS nF FpOr AND FpOa FR@M IRRADIATIONa) OF FLUORINE/O%XXN b!IxTW 

Ratio, 

1 

3 
5 
7 

F 2 h 2  - 

1 

1 

1. 

3 
5 
7 
n 

- 
F2 

14.0 

21.0 

_I_ 

22.8 

24.5 
10.5 
10.5 
10.5 

15.7 
17.5 
18.4 
:, 10( - 

i l l imoles  
02 i A r  

14.0; - 
7.0 - 
4.6 - 
3.5 - 

10.5 - 
10.5 7.0 
10.5 7.0 

5.3 7.c 
3.51 7.C 
2.6; 7.c 

megarads, 

i 

- 1.72 

- 1-93  
- 1.86 

7 -0 
- 
- 1.65 
- 1.62 
- 1.62 

- I 1.62 
1 hr. 

0.13, 0.087 f 0.02 

0.085 0.05 f 0.02 

0.105 0.055 f 0.02 
0.14 0.075 f 0.015 

(d) n.d. 

(d) n.d. 
0.07 0.042 f 0.02 

0.14 10.09 f 0.02 

0.105 0.065 t 0.02 I 
0.09 0.055 f 0.02 

oxygen 

1.89 127.0 
2.14 146.6 
2.14 61.2 

0 

1.26 12.0 

1.73 16.5 
1.79 17.1 

1.90 35.9 
1.83 52.3 
1.79 . 68.9 

b) 
c )  
d )  

yield data accurate t o  ca f 0.03 mole. 
Molecules of product formed p e r  100 ev absorbed energy. 
Amount of F204 not re l iab ly  determined because of a s l i gh t  
detonation on .,.arming the system t o  decompose F204. 

Table 2. DIFFRACTION PATTERNS OF NO%F4- AND 02+BF4- 

NO- 
Interplanar 

Spacing 
A 

5.50 
4.41 

3.96 
3.76 
3-51 

3.25 
3-13 
2.82 

2.52 
2-75 

2.40 , 

2-99 
2.26 

In tens i ty  
of ' 

Reflection 
24 
40 
8 

12 

100 

12 

80 
60 

12 

40 

3 
8 .  

60 

C 
Interplanar  

Spacing 
A 

5.50 
4.33 
3.91 
3.74 
3.47 

3.27 
3.10 
2.82 

2.74 

2.49 
2.43 

2.35 
2.24 

BF* - 
Intensi ty  

of 
Reflection 

16 

9 
5 
9 

100 

16 
88 
75 
12 

44 
7 
7 

63 

hkl  

110 

101 

111 
120 

021 

210 

121 
211 

220 

112 

131 
022 

122 - 

21;2 

17.1 

, 



Irredie t ion 
Time, mi&) 

15 
30 
60 
60 
60 
60 

60 
60 
60e) 
120 
180 
180 
12of 

a )  14 moles 

1.6 
3 
6 

12 

16 
2h 
27 

1.5 
2.7 

26 

14 
47 
2.6 

ition. 

106. 

8.9 
8.8 
7.9  

11.0 

10.6 
10.5 
8.9 
4.1 

14.9 
8.6 
6.3  
6.9 
0.2 

Table 3. PREPARATION OF 0,+BF4-a) 

Ratio F2:02 
Irradiatedc) 

1: 1 
1: 1 
1:l 

2 : l  

3: 1 
5:1 
7:l 
1:6 
1: 1 

3: 1 
1:l 

5: 1 
3: 1 

)f BF3 wes adde 

02bF4- 
Produced, 

mg 

27 

53 
96 
129 
1% 
127 
113 
4 4 4  

45 
216 

231 
248 
21 

a f t e r  i r r a i  
b) 
c )  

Dose r a t e  of 100 negarads/hour. 
Millimoles of oxygen used with  F2:02 r a t i o s  was: 
1:l = 14 m o l e s ;  2 : l  = 8.75 moles ;  3:l = 7.0 moles ;  
5:1 = 4.4 moles ;  7:1 = 3.5 moles ;  1:6 = 21.9 moles .  
A second compound was formed vhich decomposed a t  133% 
yielding about 3 m o l e s  of noncondensable gases. 
Dose r a t e  of 25 megarads/hour. 
10.5 m o l e s  of BF3 added t o  the  reaction tube before 
i r rad ia t ion .  
Molecules of product formed per 100 ev absorbed energy. 

d) 

e)  
f) 

g) 

, 
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RE7IIEw OF ADVANCED INORGANIC OXIDIZFRS 

Edward W. Lawless and Robert J .  Rowatt 

Midwest Research I n s t i t u t e ,  Kansas Ci ty ,  Missouri 

I. In t roduct ion  

I n  t h i s  Faper t h e  F r o p e r t i e s  and chemistry of advanced inorganic  oxid izers  
w i l l  be reviewed with emphasis on r e c e n t  developments. The c l a s s e s  of  compounds 
w i l l  be l i m i t e d  t o  t h e  cxyzen f l u o r i d e s ,  t h e  n i t rogen  f l u o r i d e s ,  t h e  n i t rogen  f l u o -  
r i d e  oxides ,  t h e  halogen f l u o r i d e s  and t h e  halogen f l u o r i d e  oxides .  I n  general ,  all 
%f t h e  zompoucds descr ibed  h e r e  a r e  h ighly  r e a c t i v e ,  t o x i c  mater ia l s ,  and very vola-  
t i l e  exceat  f o r  ion ic  d e r i v a t i v e s .  The growth of  chemistry involving 0-F, N-F and 
Cl-F comFounds has been remarkable: from about n i l  i n  1946 t o  over 1030 today. 

11. O.y:gen Fluorides  and Der iva t ives  

The reported oxygen f l u o r i d e s ,  t h e i r  d e r i v a t i v e s  and some of  t h e i r  prop- 
e r t i e s  a r e  summarized i n  Table  I. Oxygen d i f l u o r i d e  is  t h e  only b inary  compound of 
t? is  t p e  which 1s s t a b l e  a t  room temperature, b u t  02F2 i s  s t a b l e  below about -80% 
3 r d  i s  -,e11 cherac te r i -ed .  A reasonably good understanding has been gained r e c e n t l y  
o f  t h e  a?parent equi l ibr ium system O4F2 e 202F. 

The e x i s t e i c e  o f  O3F2 a s  a s e p a r a t e  e n t i t y  i s  i n  doubt, and t h e  natures  of 
t h e  repor ted  "O5F2" and "OgFg" a r e  q u i t e  uncer ta in .  
c i a l l y  a v a i l a b l e ,  while  t h e  o t h e r s  a r e  prepared by  e l e c t r i c a l  discharge a t  low tem- 
c e r a t u r e s  f r o n  aporopr ia te  O2-F2 mixtures .  

Oxygen d i f l u o r i d e  i s  c o m e r -  

The ; t r u c t u r e s  of  OF2 and 02F2 have been determined and a r e  compared i n  
Figure 1 with those  of  r e l a t e d  comnounds. The abnormally long 0-F d i s t a n c e  and t h e  
g r e a t l y  shortened 0-0 bond i n  02F2 have l e d  L i n e t t  t o  formulate i t s  s t r u c t u r e  a s  
z a v i r g  an e s s e n t i a l l y  f o u r - e l e c t r o n  0-0 bond ( a s  i n  02 i t se l f ,  1.21 1 bond length)  
szd a one-electron 0-F bond ( r e s o n a t i n g  between t h e  two p o s i t i o n s ) .  Dioxygen d i -  
f l u o r i d e  can, therefore ,  r e a d i l y  d i s s o c i a t e  a t  t h e  0-F bond t 3  g ive  F atoms and t h e  
s t a b l e  0 9  r a d i c a l :  

az3 i s  a n  extremely e n e r g e t i c  f l u o r i n a t i n g  agent .  
r e a c t i v e  than  f l u o r i n e  i tself  and f a r  more r e a c t i v e  than OF2. 
begins  t o  decompose near  23O0C and many of i t s  r e a c t i o n s  r e q u i r e  a c t i v a t i o n  by hea t  
or  l i g h t .  
of  0F2-02, F2-02 o r  F2-N20 mixtures  i n  a matrix,  a t  4'K, by t h e  decomposition of 
04F2 07 FSOpOOF, and i n  t h e  r e a c t i o n  of  CF4 with 02. 
d e t e c t e d  i n  t h e  gas o r  l i q u i d  phase d e s p i t e  an i n t e n s i v e  search .  

A t  low temperatures it i s  more 
The la t te r  compound 

The 02F- r a d i c a l  can b e  generated by u l t r a v i o l e t  r a d i a t i o n  o f  l i q u i d  OF2, 

The OF r a d i c a l  has  never been 

The reac t ions  o'f t h e  oxygen f l u o r i d e s  a r e  u s u a l l y  simple f l u o r i n a t i o n s ,  
b u t  oxygen addi t ion  by OF2 can occur e s p e c i a l l y  i n  aqueous s o l u t i o n  or i n  reac t ions  
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i TABLE I 
\ 

OXYGEN FLUORIDES AND DERIVATIVES f 
I P r o p e r t i e s  
f Decomp. 
' cotmound MI', O C  BP, 'C Temp. -- I9F d 

CF$( O)OF 

 SF^ OF 

c 103 OF 
II020F 

FS0200F 

Observed i n  PI2 o r  Ar matr ix  a t  4'R 
-223.8 -144.8 r~ 200 -249 l i q .  

-- 

-248 g 
-163.5 -57 dec.  -78 -865 

-825 
-- -191 -80 ext -183 

-- -159 tr, +84.2 t r  - - -  --  -- -62.5 

-86 
-175 
-167.3 
-158.5 

-21 
-21.5 
-35 
-45.9 
-15.9 
-31.3 
-50 ( e s t )  
-15 ( e s t )  

0 

-189 
-- 

-226 
-244.9, -36.2 

+S?,? db, -291.5 q t  
+84.i a b  of tr 

+97.4 ab of qt 
(CF3) 

('3'2) 
-291.6 tr of q t  - -- 

I n f r a r e d  

1028 
1740, 929, 909, 880, 
826, 461 
1024, 628, 463 

1519, 588 (04.F~) 
1494, 484 (02F.) 

- -  

-- 
1282, 1259, 1223, 

1300, 1270, 1150, 
950 q t  

1217, 945, 880, 679 

- -  

I' 

I 
19F chemical s h i f t  (ppm vs. CFC13=O) f o r  f l u o r i n e  of  -OF group. 
Pos i t ions  (cm-l) f o r  0-F s t r e t c h i n g  fundamental. 

\\ 

935, 888, 614, 585 
1760, l300, 920, 810, 708 
1298, 1049, 666 

1290, 1175, 955, 755, 725 
1380, 1285, 1235, 1175, 
740 

-- 

, 

'! 

w 
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Figure 1 - Comuarison of S t r u c t u r e s  of OF2, 0 9 2  and Related Compounds 
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irith some ni t rogen,  ch lor ine ,  o r  su l fur -conta in ing  m a t e r i a l s .  Dioxygen d i f luor ide i  
( o r  r;he 02F r a d i c a l )  undergoes t h e  f l u o r i d e  a b s t r a c t i o n  r e a c t i o n  wi th  s t r o n g  Lewis 
ac ids  a t  low temperatures t o  give ? t a b l e  dioxygenyl sa l t s .  Oxygen d i f l u o r i d e  under- 
goes a s i m i l a r  reac t ion  a t  e leva ted  temperatures .  

02SbF6 + F2 
200° , 20F2 + SbF5 

Although considerable  doubt now e x i s t s  about t h e  ex is tence  of t r ioxygen t r i f l u o r i d e ,  
t h e  t r i f luoromethyl  d e r i v a t i v e  CF3OOOCF3 i s  known a s  w e l l  as t h e  peroxide m300CF3. 
%e i u t h o r s  3re  pot aware of repor t s  of  t h e  simple e t h e r  (CF3)2O, although t h e  sul- 
, f ide (CF3)pS is  s t a b l e  a t  40OoC. 

111, Nitrogen Fluorides  and Derivat ives  

The reported n i t rogen  f l u o r i d e s ,  t h e i r  d e r i v a t i v e s  and some of t h e i r  
y - o g e r t i c s  i r e  summarized i n  Table 11. 

The NF molecule i s  known only a s  a r e a c t i v e  intermediate  which dimerizes 
r e a d i l y  t o  N2F2. 
wgon matr ix  a t  4OK and b j  pyro lys i s  of N2F4 a t  high d i l u t i o n  i n  argon a t  2550'K. 

It has been observed by f l a s h  photo lys i s  of t h e  NF2 r a d i c a l  i n  an 

The NF2 r a d i c a l  i s  wel l  es tab l i shed  t o  e x i s t  i n  equi l ibr ium with N2F4 i n  
-:.:logy t o  t h e  Pj204-T;02 equi l ibr ium 

N2F4 2*2 

The s t r u c t u r e  of LTF2 (N-F = 1.36 i; LFNF = 103') i s  c l o s e l y  r e l a t e d  t o  t h a t  of NF3. 
The i F 2  r a d i c a l  has fundamental s t r e t c h i n g  frequencies  a t  1074 and 935 cm-l i n  t h e  
i : f r x e d .  
:92*, which decomFoses t o  NT and F., bu t  may undergo unique r e a c t i o n s .  The reac-  
~ ~ 0 1 . s  of I92 a r e  discussed i n  t h e  s e c t i o n  on N2F4. 

I n  t h e  u l t r a v i o l e t ,  IF2 absorbs a t  260 mp to give  an e x c i t e d  r a d i c a l ,  

L. , 

Nitrogen t r i f l u o r i d e  i s  commercially a v a i l a b l e  and i t s  p r o p e r t i e s  a r e  
-;,x~'lL k.r.owr.. It has an a m o n i a - l i k e  s t r u c t u r e  with N-F = 1.37 1 and LFNF = 103'. 
Only 57 )..cal/mol a r e  r e q u i r e d t o  d i s s o c i a t e  a F -  atom from NF3, b u t  an average of 
7 1  kcal/mol a re  required f o r .  each of t h e  remaining two N-F bonds of t h e  s t a b l e  NF2 
rodic-:l. 
f luorir .a t icg ngent a t  e leva ted  temperature .  
t o  be  reported recent ly  is  t h a t  with f l u o r i n e  and Lewis ac ids  t o  g ive  s t a b l e  sal ts  
of t h e  I.5'4' ion .  

i 9 3  i s  r e l a t i v e l y - u n r e a c t i v e  a t  mild temperatures, but  func t ions  as a 
The most i n t e r e s t i n g  r e a c t i o n  of NF3 

NF4+AsF6 - e l e c t .  d i s c .  , 
I,IFFg + F2 + AsF5 -80" 

Difluorodiazine i s  now w e l l  e s t a b l i s h e d  t o  e x i s t  i n  t h e  cis and trans 
i coEer ic  formr. and t h e  n r o n e r t i e s  and s t r u c t u r e s  of  each a r e  known. 
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TABLE I1 

--Tn !;ILROG&Y FLUORIDES &!D DERIVATIVES 

!P, "c 

-- 
-2118.5 
-195 
-172 
-16.1 .: 

-132.5 " 

-166 
-160 

-15.1 

- -  
-116 * 3 
- 185 
-13 to 3 
( E t . )  

BP, "C 

--  
-129 
-1c5.7 
-111.4 

-73 

-59.9 
-72.5 

dec .  
(23.6 
-67 

nn 
-I; < 

-a5 

I9F NMR 

- -  
-142 
-129 

-88 
-58 

-479 
-393 
-363 
-65 

6 
- 1 4 1  

-- 

-- 

IR - 

1070, 931 
1331, 1010, 907, 642 
1524db, 952t r ,  896db, 737tr 
989 (1996m, 158lm, 1434m) 
1010, 998, 959, 946 

1844, 766, 521 
1793, 1312, 822, 742, 570 

-- 

1687, 887, 743, 528 
-- 

3193w, 1428db, 1280db, 978db 
920t r ,  853db, 694t r  

- -  

- 103 1350 
-144 (db . )  1521, 1504, 1128, 924, 518, 
-192 497 
-214.7 ( t r . )  1163, 611 
-331 1857, 1162, 905 

Otlicr d e r i v i t i v 5 s  inc lude  com~ounds o f  t h e  t y p e s :  
FSOz-, FSOSO-, CFsS-); F,(PFz), ( R  = Rf, a l k y l ,  anthracene, e t c . ;  X = 1-4); 
S-C(=iTF)-R'; and R - H ( O ) = I F .  

MNF2 ( M  = SI'S-, SFSO- ,  CF3SF4-, 

, 



The TI-F bond i s  lengthened over t h a t  i n  NF3 and t h e  N=N bond is  shortened compared 
t o  t i x t  (1.24 1) i n  N2(CH3)2. 
68 and 139 kcalfmol, respec t ive ly .  The trans N2F2 i s  conveniently prepared by re-  
Zction of N2F4 a t  10~7 pressure  with A l C 1 3  a t  -80". The trans form is  converted t o  
t h e  
?he N2Fp i s  obteined near ly  q u a n t i t a t i v e l y  by t h e  decomposition a t  20" of t h e  com- 
:>lox KF"HNF2 formed a t  -80°C. Difluorodiazine has  a l s o  been of fered  commercially. 

'TI?€ cis W2F2 i s  more r e a c t i v e  chemically t h a n  trans N2F2, but  both can a c t  a s  f l u o -  
rir.2ti.X a t e p t s .  
L d c r g o  cddi t ion  r e a c t i o n s .  Detonations, e s p e c i a l l y  with t h e  cis isomer, have oc- 
currcd upon eppl ica t ion  of high pressure .  
t ? x r c r t l y  fiot been reported.  
Lewis - c i d s  t o  give a s t a b l e  s a l t  of t h e  N2F+ i o n  

The N-F ar.d N=N bond energies  of t h e  trans form i s  

form i n  over 90% y i e l d  a t  75" i n  a wel l -passivated s t a i n l e s s  s t e e l  cy l inder .  

The so-ca l led  N=N double bond i s  unusual ly  i n e r t  and does not 

The f l u o r i n a t i o n  of N2F2 t o  N2F4 has 
%-N2F2 undergoes t h e  f l u o r i d e  a b s t r a c t i o n  with 

T!ic isomer a l s o  g ives  t h i s  r e a c t i o n  with SbF5. 

Tetraf luorohydrazine has  t h e  s t r u c t u r e  i n  t h e  gas  phase on t h e  l e f t  below 
(2 2nd 1 isomers) b u t  t h e  T y n r e t r i c a l  isomer on t h e  r i g h t  has  a l s o  been observed i n  
the l i ? u i d  a t  101; temperature. 

i;-F Ii-11 1.53 1.39 8, 8, F a  I?@" 

L WTF 102O 
diiiedral angle 69" 

L F'NF 104' F F 
.. F 

19F iMR -65.2, -53.2, -60.4 6 
(ill IF3 a t  -155") 

-44.0, -31.9 $ 
, 

Thc 2b:bnormally long N-N bond (compared t o  1.45 
cpcr ,3  ( 2 5  kcalfmol) and N2F4 e x i s t s  i n  equi l ibr ium with s t a b l e  NF2 r a d i c a l s .  
T t t rz f lucrohydraz ine  has been a v a i l a b l e  commercially s i n c e  1960 and i t s  reac t ions  
.?-.-c becr. s t u d i d  i c t e n s i v e l y .  It e n t e r s  i n t o  a t  l e a s t  f i v e  types of  reac t ions :  
(1) normal 192 r a d i c a l  r e a c t i o n s  inc luding  a d d i t i o n  t o  o l e f i n s  o r  a second r a d i c a l ,  
x d  - ibstract ion r e a c t i o n s ;  ( 2 )  exc i ted  NF2 r e a c t i o n s  r e s u l t i n g  from photo lys i s  a t  
obont 265' w; ( 3 )  f l u o r i n a t i o n  ( o x i d a t i o n )  r e a c t i o n s ;  ( 4 )  reduct ion  reac t ions ;  
( 5 )  f l u o r i d e  a b s t r a c t i o n  r e a c t i o n .  Exmples  of  each are i l l u s t r a t e d  i n  Figure 2. 

It can be prepared by 
electric discharge at--19€i0 i n  mixtures of NF3 and 02 or  OFg, by the flame f l u o r i -  
:.ztior. of I;O i r i th  f a s t  quench, o r  more convenient ly  a t  25O by  t h e  f l u o r i n a t i o n  of 
ii0 with F2 photochemically o r  with c e r t a i n  metal hexafluorides  such a s  I rF6.  The 
IZ3O hos a t e t r a h e d r a l  s t r u c t u r e  i n  which t h e  N-F and N + 0 bonds a r e  s l i g h t l y  

i n  N2H4) has  a low d i s s o c i a t i o n  

Trifluoramine oxide, IIF30, w a s  r e p r t e d  i n  1965. 
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weaker than those  i n  NF02. 
undergoes t h e  f l u o r i d e  a b s t r a c t i o n  r e a c t i o n  w i t h  s t r o n g  Lewis ac ids ,  t o  g ive  s a l t s  
such as E7?20+AsF6-, and adds t o  p e r f l u o r o o l e f i n s  (under BF3 c a t a l y s i s )  t o  g i v e  s t a b l e  
RfONF2 compounds. 

The W3O has good thermal  and hydro ly t ic  s t a b i l i t y ,  b u t  

It apparent ly  r e a c t s  slowly wi th  NO t o  g i v e  NOF. 

Difluoramine has  an ammonia-like s t r u c t u r e  with t h e  fol lowing parameters: 
N-H, 1.03-1.08; N-F, 1.38; FNF, 103', HNF, 102'; d i p o l e  moment, 1.93 D. It i s  
b e s t  prepared from d i f l u o r o u r e a  (which i s  obtained by aqueous f l u o r i n a t i o n  of u r e a )  
by  t reatment  with H2SO4 a t  90' o r  by t h e  r e a c t i o n  of  N2F4 with CgHgSH a t  50'. The 
HNF2 i s  s t a b l e  and  can be s t o r e d ,  b u t  t h e  u s u a l  procedure i s  t o  genera te  it as 
needed and pass  it d i r e c t l y  i n t o  a r e a c t i o n  v e s s e l ,  s i n c e  it has a tendency t o  ex-  
plode when f rozen .  The r e a c t i o n s  of HNF2 a r e  u s u a l l y  complex, bu t  it undergoes 
t h r e e  genera l  types of  r e a c t i o n s  as follows: ox ida t ion ,  f o r  example with aqueous 
&e+3 s o l u t i o n  t o  give N2F4 (perhaps t h e  NF2- i o n  i s  involved);  reduct ion,  as i n  t h e  
r e a c t i o n  with aqueous H I  t o  g ive  NH4F and HF; complex formation with e t h e r s ,  Lewis 
ac ids ,  2nd meta l  f l u o r i d e s .  

Chlorodifluoramine ClNF2 i s  w e l l  known, C12NF and BrNF2 are known as un- 
s t a b l e  compounds, and t h e  o t h e r  halogen f luoramines appear t o  be  very  uns tab le .  
The CLNF2 ( o r  BrNF2) can b e  prepared by t h e  r e a c t i o n  of  aqueous NaOCl ( o r  NaOBr) 
with N,N-difluoroureas or N,N-dif!luorosulfuryl amide. 
r e a c t i o n  of CLF with C l N 3  a t  25'C o r  w i t h  N a N 3  a t  0 ' .  
s o c i a t e s  r e a d i l y  t o  g i v e  C1 atoms and NF2 r a d i c a l s  (which def ines  t h e  r e a c t i o n  
chemistry)  whi le  C 1 2 N F  i s  explos ive ly  uns tab le  i n  t h e  l i q u i d  s t a t e .  

The C 1 9  i s  prepared by t h e  
The CUW2 i s  s t a b l e  b u t  d i s -  

A f e w  remaining N-F compounds such a s  NF2NO and N3F a r e  o f  l i m i t e d  i n t e r -  
est, b u t  a number of  inorganic  compounds and a hos t  of organic  compounds have been 
prepared i n  recent  years  i n  which NF2 groups may be regarded as s u b s t i t u e n t s ,  e.g., 
SF5NF2, C(NF2)4, C(NF)(NF2)2, CF3ONF2 and CFzN(O)=NF. 

A summary of t h e  in te rconvers ions  of t h e  n i t rogen  f l u o r i d e s  i s  found i n  
F igure  3. 

, 
Chlorine Fluorides  and Rela ted  Compounds 

The halogen f l u o r i d e s  o f  prime i n t e r e s t  a s  propel lan t  ox id izers  have been 
C@,CLF5, C103F and BrF5, b u t  a number of o t h e r  halogen f l u o r i d e s  have been s tudied.  
P r o p e r t i e s  of halogen f l u o r i d e s  a r e  summarized i n  Table  111. 

Chlorine monofluoride appears t o  have cons iderable  i o n i c  c h a r a c t e r  as re- 
f l e c t e d  i n  t h e  The C1-F bond 
d i s t a n c e  is 1.63 d, t h e  d i p o l e  moment, 0.88 D, t h e  b n d  d i s s o c i a t i o n  energy, 60.4 
kcal/mol, and t h e  h e a t  of formation,  -13.5 kcal/mol. 
r i n a t i n g  agent .  It r e a c t s  wi th  f l u o r i d e s  such as CsF o r  NOF t o  g ive  Cs+CLF2- and 
NO+ClF2-, respec t ive ly ,  and has  been repor ted  t o  r e a c t  with t h e  Lewis a c i d  AsF5 t o  
g ive  Cl+AsF6- but s u b s t a n t i a t i n g  evidence i s  lacking. The high v o l a t i l i t y  of C L F  
(b.p. - 1 O O O C )  suggests  t h a t  l i t t l e  o r  no a s s o c i a t i o n  o r  s e l f - i o n i z a t i o n  ( t o  C l f  and 
C U P -  i o n s  o r  t o  C12F' and CLF2- i o n s )  exists, b u t  t h e  e l e c t r i c a l  conduct iv i ty  i s  
h i g h e r  t h a n  t h a t  o f  CLF3.' 

NMR chemical s h i f t  of  @ = +441 ppm (vs. CFC13). 

The CLF i s  an energe t ic  f luo-  

Chlor ine  monofluoride i s  prepared by r e a c t i o n  of C u 3  ana 
c12. 
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T A B U  I11 

Compound 

C102F 

~ 1 0 ~ ~  , 

PROPERTIES OF HALOGEN FLUORIDES AND DERIVATIVES 

IR - NMR M P ,  O C  BP, "C - 
-154 5 

- 7 6 . 3  
-103 f 4 

8.0 
-60.5 

8.5 
4 . 8 5  

above -115 

-146 

4.5 

,100.8 

-14 
127 

11.75 

40.0 
97 .O 

4 (1 atm.) 

-6 

-46.8 

440 
-14(a) ,  -123(e) 
-412(a), -247(e) 
39  
-132( e )  
-53(a) ,  - 4 ( e )  
-177 (-168) 

-329 (330) 

-287 

793, 705 
761, 746, 713, 694 
706, 732, 541, 486 
674, 613, 384, 300 
683, 644, 587, 369 

670, 547, 426, 368, 
250 
1270, 1255, 1104 (pqr )  
632, 548 
1315-1300, 725, 717, 
714, 550 

710, 640, 318 c 

-- 

- a T r i p l e  poin t  6.4. 

Chlorine t r i f l u o r i d e  i s  u s u a l l y  descr ibed as having a T-shape, bu t  i s  b e t -  
t e r  regarded as a t r i g o n a l b i p y r a m i d  d e r i v a t i v e .  The two a p i c a l  C1-F bonds a r e  
e longated (1.70 1) compared t o  t h e  e q u a t o r i a l  C1-F bond (1.60 A ) .  The bond angles 
are 87.5' and 175' .  
f u r t h e r  downfield (-145.6 @) t h a n  t h e  e q u a t o r i a l  f l u o r i n e  -19.7 @. I n  l i q u i d  ClF3 
(wi th  HF c a r e f u l l y  removed) t h e  resonances a r e  -159.0 and -21.8 6 .  The high d ipole  
moment determined with t h e  l i q u i d  (1.00-1.03 D )  compared t o  t h a t  i n  t h e  gas (- 0.6 D )  
suggests corn i d e r a b l e  i n t e r a c t i o n  and t h e  r e l a t i v e l y  low v o l a t i l i t y  (b .p .  12') con- 
firms t h i s ,  b u t  t h e  e l e c t r j c a l  conduct iv i ty  shows t h a t  t h i s  i n t e r a c t i o n  i s  essen- 
t i a l l y  not i n  t h e  form of s e l f - i o n i z a t i o n  t o  CLF2+ and ClF4- i o n s .  
some dimer iza t ion  i n  t h e  gas  has  been suggested.  However s t a b l e  s a l t s  o f  both of  
t h e s e  ions  a r e  known, e . g . ,  Cp2+SbF6- and Cs+ClF4-. 
merc ia l ly  a v a i l a b l e  i n  q u a n t i t y ,  being prepared by f l u o r i n a t i o n  of c h l o r i n e .  
an extremely vigorous f l u o r i n a t i n g  agent ,  bu t  can i n  t u r n  b e  f l u o r i n a t e d  t o  ClF5 
under pressure .  Moisture conver t s  CLF3 t o  C102F and C102. I 

The l 9 F  NMR of  gaseous CLF3 shows t h e  a p i c a l  f l u o r i n e s  t o  be  

Evidence f o r  

Chlor ine t r i f l u o r i d e  i s  com- 
It i s  

Chlorine p e n t a f l u o r i d e  i s  t h e  newest member o f  t h e  halogen f l u o r i d e  family 
It i s  and has  very r e c e n t l y  become a v a i l a b l e  commercially i n  labora tory  q u a n t i t i e s .  

prepared by t h e  high p r e s s u r e  f l u o r i n a t i o n  of  ClF3 o r  a s a l t  such as CsClF4 a t  150' 
o r  above. 
r a d i a t i o n  or e l e c t r i c  d i scharge  a t  low temperatures and by platinum hexafluoride.  
The s t r u c t u r e  of CU5, a square  pyramid, i s  a n  oc tahedra l  d e r i v a t i v e  with t h e  a p i c a l  
C1-F bond length  of 1.62 1 and t h e  e q u a t o r i a l  bonds 1 .72  A .  The I9F chemical s h i f t s  
a r e  -412 $ ( a p i c a l  f l u o r i n e )  and -247 6 ( b a s a l  f l u o r i n e s ) .  The former i s  one Of the  
most unshielded f l u o r i n e  atoms known, be ing  exceeded only by t h o s e  i n  F2, 02F2, and 
NOF. 
l i t t l e  i n t e r a c t i o n  exists i n  t h e  l i q u i d  and s e l f - i o n i z a t i o n  i s  n o t  expected. 
C-4' i o n  i s  a n  i n t e n s e  peak i n  t h e  mass spectrum and t h e  p o s s i b i l i t y  of  obtaining 

It has a l s o  been prepared by t h e  f l u o r i n a t i o n  of CLF3 under u l t r a v i o l e t  

The d i p o l e  moment is probably 0.2-0.4 D. The b o i l i n g  poin t  i n d i c a t e s  very 
The 
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s t a b l e  s a l ~ s  s.<ch a s  C L F ~ + S ~ F ~ -  appears reasonably good. 
ion  t o  cws t o  give c P 6 -  does not appear l i k e l y  (although BrF6- S a l t s  have been re- 
por ted)  c ince t h e  ch lor ine  atom would be  pseudo-heptacoordinate and t h i s  type  o f  
coordine:lor i s  without precedence i n  elements of the second row of t h e  Periodic  
i a c l e .  

The a d d i t i o n  of f l u o r i d e  

n -  

m e  s t r u c t u r e s  of  ClF3, ClF5, and C103F have 'been determined and a r e  
c I. d.lot:n 'celov. 

l 
0 

D 

F F F 

The commercially a v a i l a b l e  higher  halogen f l u o r i d e s  a r e  BrF3, BrF5 and IFg, 
-.-:ti: IF7 21-nileble 03 s p e c i a l  o rder .  
z c l l y  vcr: sirnilor t o  C1F3 except t h a t  s e l f - i o n i z a t i o n  is  extensive i n  l i q u i d  BrF3: 

Bromine t r i f l u o r i d e  i s  s t r u c t u r a l l y  and chemi- 

2BrF3 BrF2' + BrF4- 

B r m i s c .  t r i f l u o r i d e  k c s  therefore  an except iona l ly  high b o i l i n g  poin t  (126' ) and 
c l x t r i s z l  conduct ivi ty .  
Stoble  o c l t c ,  of both t h e  BrF2' and BrF4 
I3rF2' t h e  complexes msy be f l u o r i n e  br idged r a t h e r  than t r u l y  ionic: 
f l u o r i d e  nr.d iodine pentef luor ide  a r e  a l s o  s t r u c t u r a l l y  s i m i l a r  t o  C l F 5 .  
icziz.2tior. occurs t o  an anpreciable  ex ten t  i n  IF5, b u t  f a r  less i n  BrF5. 

It i s  Zn e x c e l l e n t  solvent  f o r  many i o n i c  m a t e r i a l s .  
i o n s  a r e  known, but  i n  some ins tances  with 

Bromine penta- 
Self- 

. .  

21~5  IF^+ +  IF^- 
Stoble  s a l t s  have been repor ted  f o r  BrF4' and BrF6 

- 
a s  w e l l  a s  f o r  IF4'+ 

... ; p 6 - ,  bu t  s t r u c t u r z l  s t u d i e s  a r e  incomplete. Unlike BrF5 o r  CLF5, IF5 undergoes 
1'P;orinc exchange with HF: The BrF3 and BrF5 a r e  q u i t e  energe t ic  f l u o r i n a t i n g  
.?:;cr.t~. While IF5 i s  a considerably milder  f l u o r i n a t i n g  agent, it inf lames o r  forms 
C:T.~O;::.T mixturcr. with many organics .  
l.-.;:..t; 3.7 s::lfolane, bu t  f o r m s . c r y s t a l l i n e  complexes with c e r t a i n  oxygenated so lvents  
sa::; 2s ~i~:<r:.!c, 

It can be  d isso lved  i n  excess  of such so l -  

1odir.e hcgtzf luor ide  i s  formed b y  t h e  r e a c t i o n  of I F 5  with F2 a t  about 
157'. 
--d .... a : ~ ~ ~ ~ ~ ~ ~  i s  22.5 kczl/mol. 
::.-:I lji?;rmid, but  t h e  s t r u c t u r e  i n  t h e  s o l i d  i s  s t i l l  uncer ta in .  
A -  b ! . ~  

trLy of t i . c  l i c u i d  i s  a doublet  a t  lower temperatures, a s i n g l e t  a t  h igher  tempera- 
tcrc-2 bcce~;;c- of lwdraDole  e f f e c t s . )  The symmetrical s t r u c t u r e  of  IF7 gives  it an 
ertremcl;. skor t  (- 2 ' ) .  1i:;uid ra-ge (sublimes, 4.77'; t r i p l e  po in t ,  6.45'). 
rcectic:. of IF7 2s  e f l u o r i n a f i c g  agent a r e  much more vigorous than those  of  IF<. 
Wit?. str7r.g f l u o r i d e  acceptors  IF7 forms s a l t s  such a s  m6+AsF6-. No r e a c t i o n  t o  

The. d i s s o c i e t i o n  of IF7 t o  IF5 and F2 sets i n  a t  higher  temperatures ,  *300°, 
The s t r u c t u r e  of  IF7 i n  t h e  gas phase i s  t h e  pentag- 

The 19F NMR o f  
i s  ,? s i r ig le t  ( $  = -336 pFm) suggest iong intramolecular  eychange. (The spec- 

The 
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f o m  such s a l t s  as  cS+m8- have been repor ted ,  b u t  t h e  f l u o r i n e  exchange which occurs 
between W and IFj i n . t h e  gas phase may involve a H I F 8  o r  a IF#E'2 in te rmedia te .  

The halogen f l u o r i d e ,  oxides of major. i n t e r e s t  a r e  C102F and C103F, bu t  
Br02F, I@2F and IFSO ha>re .been charac te r ized .  
comercial l : :  a v a i l a b l e .  Chlory l  f l u o r i d e ,  C102F, i s  r e a d i l y  prepared by allowing 
ClFs o r  ClF5 t o  stand with excess  of a c h l o r a t e  or  c h l o r i t e  s a l t  i n  a Monel cy l inder :  

Only perchlory l  f l u o r i d e ,  ClO3F, .is- 

2CD3 + SI'iaC105 

C1F5 + 3iTaC102 

250 3 3C102F + 3NaF + Clg + 1.502 

250 > 2C102F + 3NaF + C12 + 02 

. 

me 02 and C12 a r e  removed a t  -80O.) m e  C102F i s  a l s o  formed by t h e  r e a c t i o n  of 
cLF3 or  C1Fg w i t h  t r a c e s  of  moisture ,  b u t  i s  i n  t u r n  r e a d i l y  hydrolyzed with addi-  
t i 0 2 2 1  water .  
mately t h e  same s t r u c t u r e ,  i . e . ,  a t e t r a h e d r a l  arrangement with an , 'electron p a i r  a t  
one apex. 
s t r u c t u r e  makes C102F an extremely r e a c t i v e  o x i d i z e r .  It i s  i n  t u r n  f l u o r i n a t e d  
only w i t t  d i f f i c : d t y  t o  ClF5. The C102F undergoes t h e  f l u o r i d e  a b s t r a c t i o n  reac t ion  
t o  g;:;c :;:;2i,le s a l t s  such as C102+AsF6-, but  e f f o r t s  t o  form such salts as Cs'ClF20; 
have not beer: successfu l .  Pyro lys i s  of C102F a t  300' and 
C1F acd 02 apparent ly  v i a  an in te rmedia te  ClFO s p e c i e s .  

. I  

,The C102F is  i s o e l e c t r o n i c . w i t h  PF3 and SF20 and should have, approxi- 

??le I9F AT4R shows t h e  f l u o r i n e  atom f a r  downfield, 6 = -332 ppm. This 

0.5 atm. pressure  gives  

Perchlory l  f l u o r i d e  has  a c losed t e t r a h e d r a l  s t r u c t u r e  with t h e  approxi-  
C1-F, 1.55-1.60 1; C1-0, 1.40 1, d i p o l e  moment 0.023 D. mate :xrometers :  

s i d e r a b l e  k i n e t i c a l l y  d'erived s t a b i l i t y  and it i s  r e l a t i v e l y  unreac t ive  a t  mild t e m -  
p e r a t u r e s ,  e.g., i t  does not  hydrolyze, o r  r e a c t  with sodium. 
p o t e c t  o x i d i z e r  f o r  most organics  a n d . a t t a c k s  many metals  i n  t h e  presence of mois- 
t u r e .  
s t a b l e  s a l t s ,  bu t  t h e  AlCl3-catalyzed r e a c t i o n  .of C103F with aromatics ( t o  give 
Arc105 compounds) l i k e l y  ivvolves  an in te rmedia te  ClO3 '  ion .  
CsF 2nd ClO3F has been e f f e c t e d  and C103F i s ' q u i t e  r e s i s t a n t  t o  f l u o r i n a t i o n .  
iX5, C103F is cocverted t o  NH4+ifHC103-, from which metal  s a l t s  such a s  KNIIClO3 ahd 
Kr,l.IClO3 can b e  prepared.  
r i $ e  i s  genera l ly  q u i t e  s o l u b l e  without r e a c t i o n  with o t h e r  ox id izers  and has a 
- smal l  (0.5-5 g / l i t e r )  s o l u b i l i t y  i n  organic  so lvents  and water .  

The 
shows t h e  f l u o r i n e  a t  fl = -287 ppm. The s t r u c t u r e  of  C103F gives  i t  con- 

Above 150' C103F i s  a 

Attempts t o  r e a c t  ClO3F with f l u o r i d e  acceptors  such as k F 5  have not  l e d  t o  

No r e a c t i o n  between 
With 

A l l  of  t h e s e  sal ts  a r e  shock s e n s i t i v e .  Perchlory l  fluo- 

Bromyl f l u o r i d e  SrO2F (formed by t h e  r e a c t i o n  K B r O 3  o r  BrO2 and BrF5 a t  
O f  t h e  re -  -59") i s  thermodynamically u n s t a b l e  and has been s tudied  very l i t t l e .  

por ted  i o d i n e  f l i io r ide  oxides ,  only IFSO appears t o  be  unequivocal ly  es tab l i shed  a s  
a molecular e n t i t y .  
o r  with g l a s s  and has a r e l a t i v e l y  low r e a c t i v i t y  because of t h e  near ly  oc tahedra l  
s t r u c t u r e .  The remaining i o d i n e  f l u o r i d e  oxides ,  IF30, I02F and I%F a r e  all white 
c r y s t a l l i n e  s o l i d s  and may not b e  molecular e n t i t i e s .  The "IF3O" and "I02F" can be  
prepared by react i r .g  1205 r e s p e c t i v e l y  with IF3 and F2. 
I02F arid IF5 e n d  t h e  03ser:red r e v e r s i b i l i t y  of t h i s  . r e a c t i o n  suggested t h e  i o n i c  
s t r i l c t u r e  I O 2  IF6- for IFQO. 
t h e  i o n i c  form, 102+TF262:, s i n c e  s t a b l e  . s a l t s  of both of  t h e s e  i o n s  a r e  formed. 

hydrolys is  slowly and- thus m a y ' i w f a c t  be  s t r u c t u r a l l y  analogous to  Cl03F. 

It i s  r e a d i l y  formed by reac t ion  of  IF7 with t r a c e s  o f  moisture 

The pyro lys i s  of IF30 gives  

The I0gF.may e x i s t  i n  a br idged form or poss ib ly  i n  

I' The ,103F (formed by f l u o r i n a t i o n  of per iodic  ac id  i n  HF) i s  repor ted  t o  undergo 
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DETONABILITY TESTING AT NONAMBIENT 
TEMPERATURES AND PRESSURES 

A .  B .  Amster ,  J .  N e f f ,  D. B. Moore, and R. W. McLeod 

S t a n f o r d  Research  I n s t i t u t e ,  Menlo P a r k ,  C a l i f o r n i a  

I ABSTRACT 

The g e n e r a l l y  a d o p t e d  method f o r  measur ing  t h e  s u s c e p t i b i l i t y  of 
s e n s i t i v e  l i q u i d s  t o  shock  i s  d e s c r i b e d  by t h e  Chemical P r o p e l l a n t  
I n f o r m a t i o n  Agency i n  t h e  p u b l i c a t i o n  "Liquid P r o p e l l a n t  T e s t  Methods."' 
Therecommended test is l i m i t e d  to u s e  u n d e r  ambient  c o n d i t i o n s  of t e m -  
p e r a t u r e  and p r e s s u r e  a n d  relies only upon t h e  damage t o  a w i t n e s s  p l a t e  
a s  t h e  c r i t e r i o n  f o r  d e t o n a b i l i t y .  T h i s  r e p o r t  d i s c u s s e s  m o d i f i c a t i o n s  
t o  t h e  test p r o c e d u r e  which r e t a i n  Sam l e  size and geometry b u t  p e r m i t  
s t u d i e s  over  t h e  r a n g e s  of 77'K t o  373 K a t  1 atm t o  10 atm. 
b r o a d e r  a p p l i c a b i l i t y  r e d u c e s  t h e  v a l u e  of w i t n e s s  p la tes - -a lways  
somewhat d u b i o u s .  T h e r e f o r e  t w o  o t h e r  methods have been  e v a l u a t e d ,  b o t h  
of which measure d e t o n a t i o n  v e l o c i t y :  one i s  e l e c t r o n i c ,  and t h e  o t h e r  
u t i l i z e s  a n  e x p l o s i v e  w i t n e s s .  The r e v i s e d  test s a t i s f i e s  t h e  r e q u i r e -  
ments  f o r  a n  e x t e n d e d  r a n g e  s e n s i t i v i t y  test for u s e  w i t h  h i g h  energy  
l i q u i d s .  

B 
T h i s  

I .  INTRODUCTION 

High e n e r g y  l i q u i d s  a r e  o f t e n  exposed to c o n d i t i o n s ,  such as  ex- 
tremes of t e m p e r a t u r e  a n d  p r e s s u r e ,  which may change t h e i r  s u s c e p t i b i l i t y  
t o  shock i n i t i a t i o n .  Moreover ,  many h i g h  e n e r g y  materials are condensed 
only  under  such ex t reme c o n d i t i o n s .  There e x i s t s  a need f o r  a de tona-  
t i o n  s e n s i t i v i t y  test a p p l i c a b l e  t o  t h e s e  s i t u a t i o n s .  T h i s  r e p o r t  de-  
s c r i b e s  equipment  and  o u t l i n e s  p r o c e d u r e s  t o  a d a p t  t h e  c u r r e n t  JANAF 
test' f o r  use under  t h e  f o l l o w i n g  c o n d i t i o n s :  

, 

77'K < T < 373'K j 

1 a t m  < P < 10 atm 

The t w o  methods u s e d  measure d e t o n a t i o n  v e l o c i t y ,  i n  c o n t r a s t  to 
t h e  JANAF method which-  u t i l i z e s  o n l y  damage to  a w i t n e s s  p l a t e  to  d e t e r -  
mine whether  d e t o n a t i o n  o c c u r r e d .  
t e c h n i q u e  i s  a n  a d a p t a t i o n  o f  D ' A u t r i c h e ' s  method. I n  t h i s  method,  
shown s c h e m a t i c a l l y  i n  F i g .  1, t h e  d e t o n a t i o n  v e l o c i t y  of t h e  unknown 
sample i n  the  tes t  c u p  i s  compared w i t h  t h a t  o f  an  e x p l o s i v e  s h e e t  of 

The f i r s t  (and r r h a p s  the simpler) 
I/ . 
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known d e t o n a t i o n  v e l o c i t y  o n  t h e  w i t n e s s  plate .  
i n i t i a t e s  t h e  mi ld  d e t o n a t i n g  f u z e  (MDF) which i n  t u r n  i n i t i a t e s  t h e  
e x p l o s i v e  s h e e t  a t  t h e  "start" p o s i t i o n .  T h i s  d e t o n a t i o n  p r o p a g a t e s  
f a r t h e r  ' a l o n g  e a c h  f , i n + r  'o f  t h e  e x p l o s i v e  s h e e t .  The o t h e r  e n d  of 
e a c h  f i n g e r  of t h e  e x p l o s i v e  s h e e t  i s  i n i t i a t e d  v i a  t h e  d e t o n a t i o n  
p robes  by t h e  stro/ng wave t r a v e l i n g  th rough  t h e  test cup .  
waves t h a t  c o l l i d e  w i t h i n  t h e  f i n g e r s  of t h e  s h e e t  e x p l o s i v e  create 
d e n t s  i n  t h e  w i t n e s s  p l a t e  t h a t  a r e  d e e p e r  than  t h o s e  l e f t  by a 
u n i d i r e c t i o n a l  wave. The r e s u l t  of  a t y p i c a l  s h o t  is shown i n  F i g .  2 .  
From the'  p o s i t i o n  of t h e  d e n t s  and t h e  p r o p e r t i e s  of t h e  sys t em,  t h e  
wave v e l o c i t y  w i t h i n  t h e  sample can be  c a l c u l a t e d  (see Appendix A ) .  
Although a s t r o n g  wave from t h e  t e t r y l  b o o s t e r  t r a v e l i n g  th rough  t h e  
l i q u i d  or t h e  cup  may i n i t i a t e  t h e  p r o b e s ,  d e t o n a t i o n  i s  d e t e c t e d  by 
a . cons t an t  v e l o c i t y .  

The t e t r y l  b o o s t e r  

The d e t o n a t i o n  

The second method u t i l i z e s  a r e s i s t a n c e  wire i n  t h e  d e t o n a t i o n  cup 
and a c o n s t a n t  c u r r e n t  power supp ly  t o  p rov ide  a c o n t i n u o u s  d e t o n a t i o n  
v e l o c i t y  r eco rd  on a n  o s c i l l o s c o p e .  T h i s  method i s  c o n s i d e r a b l y  more 
p r e c i s e .  I t  r e q u i r e s  a modest amount of e l e c t r o n i c  equipment and  con- 
s i d e r a b l e  s k i l l  on t h e  p a r t ,  of t h e  u s e r .  The equipment and o p e r a t i n g  
p rocedures  a r e  a d e q u a t e l y  d e s c r i b e d  .elsewhere3 f o r  s o l i d  e x p l o s i v e s ;  
m o d i f i c a t i o n s  f o r  a d a p t a t i o n  t o  l i q u i d  t e s t i n g  unde r  t h e  c o n d i t i o n s  
d e s c r i b e d  above are i n c l u d e d  i n  t h i s  r e p o r t .  

Details of e i t h e r  method w i l l  v a r y  w i t h  t h e  p r o p e r t i e s  ( e . g . ,  toxi- 
c i t y ,  vapor  p r e s s u r e ,  e t c . )  of t h e  compound t e s t e d .  In  t h e  f o l l o w i n g  
p a r a g r a p h s ,  p rocedures  employed w i t h  t w o  compounds (NzF4 a t  l o w  tempera- 
t u r e s  and G k O N O ; !  a t  e l e v a t e d  t e m p e r a t u r e s )  are d e s c r i b e d ;  o t h e r  mater- 
i a l s  may r e q u i r e  changes  i n  d e s i g n  a n d  i n  o p e r a t i o n a l  p rocedures .  

Before , a t t e m p t i n g  t o  de te rmine  t h e  d e t o n a b i l i t y  of h igh  ene rgy  
m a t e r i a l s  i t  i s  impor t an t  t h a t  p e r s o n s  who l a c k  e x p e r i e n c e  wi th  exp loL  
s i v e s  be tho rough ly  e d u c a t e d  i n  t h e  s a f e  h a n d l i n g  of e x p l o s i v e s .  Ref- ' 
e r e n c e  1 l i s t s  many of t h e  s t a n d a r d  r e f e r e n c e s  f o r  e x p l o s i v e  hand l ing .  
I t  i s  i ,mperat ive t h a t  h e a t e d  or  c r y o g e n i c  p r e s s u r i z e d  sys t ems  b e  con- 
s i d e r e d  as  less p r e d i c t a b l e  than  sys t ems  a t  ambient  c o n d i t i o n s  u n t i l  
d e t o n a t 1 o n . p a r a m e t e r s  are f i r m l y  e s t a b l i s h e d .  R e m o t e  h a n d l i n g  s h o u l d  
b e  t h e  r u l e  b e c a u s e ,  even  though t h e  test l i q u i d  may n o t  be e x t r e m e l y  
s e n s i t i v e ,  s e n s i t i z a t i o n  of t h e  b o o s t e r  and  e x p l o s i v e  t r a i n  may o c c u r .  
High ene rgy  o x i d i z e r s  may a l s o  i g n i t e  t h e  e x p l o s i v e  t r a i n  a n d  c a u s e  
prema t u r e  d e t o n a t i o n s .  

11. TEST EQUIPMENT 

A . cup 
The l i q u i d  unde r  test  is h e l d  i n  a c y l i n d r i c a l  metal c u p  c l o s e d  a t  

one end w i t h  a me ta l  dlaphragm s o l d e r e d  i n  p l a c e ;  t h e  o t h e r  end ( t h e  



122. 

t o p )  is  c l o s e d  w i t h  c a p s  which c o n t a i n  i n s t r u m e n t  probes .  The c u p  i s  
f a b r i c a t e d  a s  f o l l o w s :  Each end of a s e c t i o n  of 1" Schedule  4 0  e x t r u d e d  
steel p ipe  ( o r  o t h e r  metal c o m p a t i b l e  w i t h  t h e  tes t  l i q u i d )  is  f a c e d  on 
a l a t h e  t o  an o v e r a l l  l e n g t h  of 6.0". 

For t h e  modi f ied  D ' A u t r i c h e  method,  t h e  c u p  is p r e p a r e d  a s  shown 
i n  F i g .  3.  A 2 . 0 - m i l - t h i c k  s t a i n l e s s  steel diaphragm 2,' i n  d i a m e t e r  
is  c e n t e r e d  and s i l v e r - s o l d e r e d  on t h e  bot tom o f  t h e  c u p .  I f  t h e  cup 
is t o  c o n t a i n  a c r y o g e n i c .  t o x i c  material o r  a s u b s t a n c e  which i s  not  
compat ib le  with t h e  a t m o s p h e r e ,  t h e  top  must be s e a l e d  and s p e c i a l  
t r a n s f e r  l ines  m u s t  be ,  i n s t a l l e d .  

I 

For m a t e r i a l s  t h a t  a r e  t r a n s f e r r e d  i n  vacuum l i n e s ,  t h e  c u p s  are 
t h r e a d e d  w i t h  I" s t a n d a r d  t a p e r  p i p e  t h r e a d s .  lbo  h o l e s  a r e  d r i l l e d  
3/8" below t h e  l a s t  t h r e a d  t o  accommodate 1/4" 0 . d .  t u b i n g .  
p i e c e s  of 1/4" 0 . d .  t u b i n g  a r e  s o l d e r e d  i n  t h e  h o l e s  so t h a t  t h e  s o l d e r e d  
e n d s  a r e  f l u s h  w i t h  t h e  i n n e r  w a l l  of t h e  cup .  

Two 1' 

B. Caps 

The caps ,  p r e p a r e d  from 1" p i p e  c a p s ,  s u p p o r t  t h e  n e c e s s a r y  i n s t r u -  
ment p r o b e s  f o r  t e m p e r a t u r e  measurement ,  l i q u i d  l e v e l  s e n s o r s 4  and t h e  
c o n t i n u o u s  wire p r o b e s .  The s i m p l e s t  t e s t ,  u s i n g  t h e  modi f ied  D'Autr iche 
method w i t h  a l i q u i d  such  as e t h y l  n i t r a t e  which c a n  be poured i n t o  the  
c u p ,  r e q u i r e s  only  a p i p e  c a p  and  no  p r o b e s .  For m a t e r i a l s  t o  be t e s t e d  
a t  nonambient c o n d i t i o n s  and to be t r a n s f e r r e d  i n  a vacuum l i n e  ( c r y o g e n i c  
m a t e r i a l s  and t o x i c  m a t e r i a l s )  or f o r  tests u t i l i z i n g  t h e  c o n t i n u o u s  
w i r e ,  ins t rument  p r o b e s  a r e  i n s t a l l e d  i n  t h e  cap .  

For i n s t a l l i n g  t h e r m o w e l l s ,  a 1/8" h o l e  i s  d r i l l e d  i n t o  t h e  cap  
and  a l e n g t h  of 1/8" t u b i n g  e x t e n d e d  through t h e  c a p .  
c u t  and p o s i t i o n e d  t o  e x t e n d  no f a r t h e r  i n t o  the  c u p  t h a n  2" above the  
bot tom diaphragm when assembled  and s o l d e r e d  t o  t h e  cap .  The bottom of 
t h e  thermowell  is c l o s e d  and s e a l e d  w i t h  s o l d e r .  The end o u t s i d e  t h e  , 
c u p  i s  l e f t  open f o r  i n s e r t i n g  thermocouples ;  a series of  c o u p l e s  a t  
d i f f e r e n t  l e v e l s  may s e r v e  a s  l i q u i d  l e v e l  s e n s o r s .  For  c a p s  t h a t  re- 
q u i r e  r e s i s t a n c e  w i m  l e a d s  o r  t h e r m i s t o r  l e a d s ,  h o l e s  are d r i l l e d  i n  
t h e  c a p  to  accommodate i n s u l a t e d  meta l - to-ceramic  e l ec t r i ca l  l e a d t h r o u g h s .  
These s e a l s  a r e . s o l d e r e d  i n  p l a c e ,  p r e f e r a b l y  w i t h  a lower m e l t i n g  
s o l d e r  than  t h a t  used f o r  t h e  thermowel l .  Two such  seals, o r  a double  
s e a l ,  can accommodate a t h e r m i s t o r .  

T h i s  t u b i n g  is  

For the r e s i s t a n c e  w i r e  and s u p p o r t i n g  bow, two h o l e s  are d r i l l e d  
i n  t h e  c a p .  One, i n  t h e  c e n t e r  of t h e  c a p ,  i s  d r i l l e d  t o  c o n t a i n  a n  
i n s u l a t e d  e l e c t r i c a l  l e a d t h r o u g h .  Approximately 1/4"  from t h e  c e n t e r  
of t h e  c a p ,  a n o t h e r  h o l e  i s  d r i l l e d  t o  h o l d  t h e  r e s i s t a n c e  w i r e  s u p p o r t .  
T h i s  suppor t  is f a b r i c a t e d  from a 1/16" rod  l o n g  enough t o  e x t e n d  through 
t h e  c a p '  i n t o  an  assembled  cup  t o  a d i s t a n c e  o f  less t h a n  1" from t h e  
diaphragm. Both t h e  r o d  and  t h e  e lectr ical  l e a d t h r o u g h  a r e  s o l d e r e d  i n  
p l a c e .  A t  a d i s t a n c e  o f  1/2" f rom t h e  e n d ,  t h e  r o d  i s  b e n t  90" toward 
t h e  c e n t e r  of t h e  c a p .  From t h e  end  of  t h i s  rod t o  t h e  e lectr ical  l e a d  

I 
I 
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on t h e  c a p ,  a l e n g t h  of 1 - m i l  r e s i s t a n c e  w i r e  is s t r u n g  and t h e  w i r e  i s  
anchored w e l l  a t  both p o s i t i o n s  t o  g i v e  good e l e c t r i c a l  c o n t a c t .  An 
assembled cup showing m o d i f i c a t i o n s  f o r  b o t h  t h e  D 'Aut r iche  method and 
t h e  cont inuous  w i r e  method i s  shown i n  F ig .  3. I t  i s  not  n e c e s s a r y  
t h a t . a l 1  p a r t s  shown be used i n  every  t es t .  

C .  Temperature C o n t r o l  of  Cup 

Under nonambient c o n d i t i o n s  i t  i s  a d v i s a b l e  t o  u s e  l i q u i d  b a t h s  
c around t h e  t e s t  cups  t o  c o n t r o l  tempera ture  a l o n g  t h e  e n t i r e  cup.  A 

convenient  way t o  a t t a c h  a leakproof  meta l  c o n t a i n e r  around t h e  c u p  
i s  t o  c u t  a 1-1/2" h o l e  i n  t h e  bottom of a high 6" d iameter  m e t a l  can  
and t o  s o l d e r  t h e  o v e r l a p p i n g  diaphragm of t h e  d e t o n a t o r  c u p  i n t o  t h e  
h o l e  a s  shown i n  F ig .  3 .  C o m m e r c i a l  3 - l b  c o f f e e  c a n s  have been sat is-  
f a c t o r y .  

Above ambient  t e m p e r a t u r e s ,  t h e  b a t h  is h e a t e d  wi th  h e a t i n g  t a p e s  
or inexpens ive  immersion h e a t e r s .  For  c ryogenic  materials, t h e  c u p  
i s  f i l l e d  with t h e  a p p r o p r i a t e  coolan t - -dry  ice ,  l i q u i d  n i t r o g e n ,  l i q u i d  
a r g o n ,  l i q u i d  oxygen, e tc .  I n s u l a t i n g  materials may be used  a round 
t h e  b a t h .  

D.  , Bath M a t e r i a l s  

I t  is ext remely  impor tan t  t o  g i v e  c a r e f u l  c o n s i d e r a t i o n  t o  t h e  
b a t h  materials because t h e y  must be i n e r t  t o  a l l  materials used  i n  t h e  
s h o t .  O i l  b a t h s  a r e  l i k e l y  t o  c o n t r i b u t e  t o  f i r e  h a z a r d ;  s p i l l e d  
s o l v e n t s  o r  vapors  may react w i t h  or s e n s i t i z e  t h e  e x p l o s i v e  t r a i n  
m a t e r i a l s ,  and m i x t u r e s  of s o l v e n t s  may be d e t o n a b l e .  

E. Detonator  and Booster 

An e x p l o s i v e  w i r e  d e t o n a t o r  is fo l lowed by 18" of  Pr imachord.  The 
Primacord i n  t u r n  i s  fo l lowed by a s m a l l  RDX pellet  and t h e  b o o s t e r .  
The b o o s t e r  c h a r g e s  used  f o r  t h e  tempera ture  range  from -196 t o  100°C 
c o n s i s t  of two 1" x 1-5/8" d i a m e t e r  t e t r y l  p e l l e t s ,  d e n s i t y  a b o u t  1 . 5 6 .  
For t h e  h i g h e r  tempera ture  (100" t o  150°C), h i g h e r  m e l t i n g  HMX p e l l e t s  m y  
b e  s u b s t i t u t e d  (m.p. 270' t o  280°C). 

F. D e t e c t i o n  Equipment 

, 

1. R e s i s t a n c e  W i r e  Method 

The procedure  f o r  d e t e r m i n i n g  d e t o n a t i o n  v e l o c i t y  i s  f u l l y  d e s -  
c r i b e d  i n  Reference  3. 

2 .  D'Autr iche  Probe Assembly 

For  each  s h o t  a tes t  cup  is prepared  a s  shown i n  Fig.  3 and aluminum 
w i t n e s s  p l a t e s  are prepared  a s  shown i n  F ig .  4a.  Using a razor b l a d e ,  
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f i v e  p i e c e s  o f  MDF, e a c h  20.00" l o n g ,  are c u t  on a p i e c e  of wood or 
M i c a r t a .  Five l/2"-wide s t r i p s  of s h e e t  e x p l o s i v e  are a l so  c u t ,  one 
about  4" long  and t h e  o t h e r s  8.00". 
t h e  s h o r t  s t r i p  i s  cemented p a r a l l e l  t o  t h e  s h o r t  edge  of t h e  p l a t e  
w i t h  one end o v e r  t h e  s i n g l e  h o l e .  The l o n g  s t r i p s  are cemented 
p a r a l l e l  t o  each  o t h e r ,  one end o v e r  e a c h  of  t h e  remain ing  f o u r  h o l e s  
and t h e  o t h e r  end  o v e r  a n d  i n  c o n t a c t  wi th  t h e  s h o r t  s t r i p  ( s e e  F i g s .  
4b and 5 ) .  

Using p r e c i s e  scales and s q u a r e s ,  

, The test cup and b o o s t e r  are assembled a s  shown i n  F i g s .  1 and 5 
and t h e  w i t n e s s  p l a t e  is s e c u r e d  n e a r b y .  One end  of each  of  t h e  20" 
l e n g t h s  of MDF i s  i n s e r t e d  through a h o l e  i n  t h e  p l a t e  u n t i l  i t  c o n t a c t s  
t h e  e x p l o s i v e  s h e e t  ( F i g .  4 b ) .  The o t h e r  e n d s  are p u t  i n  p l a c e  on t h e  
charge  (no  a u x i l i a r y  b o o s t e r  is used)  as shown i n  F i g s .  1 and 5 ,  
f o u r  or more a l o n g  t h e  c u p  w a l l  and one t o  t h e  i n i t i a t o r .  . A l l  e n d s  

' a r e  cemented s e c u r e l y  i n  p l a c e .  

G .  Support  S tand  f o r  D e t o n a t o r ,  Charge ,  and Cup 

A s u i t a b l e  f rame is c o n s t r u c t e d  t o  s u p p o r t  t h e  assembled c h a r g e .  
The d e t o n a t o r ,  b o o s t e r ,  and  cup  are  a l i g n e d  and h e l d  i n  p l a c e  w i t h  ad-  
h e s i v e  t a p e .  The assembled  s h o t  and cup  a r e  la ter  p laced  on  t h e  s u p p o r t  
s t a n d  and t i e d  i n t o  p l a c e  w i t h  a d h e s i v e  t a p e .  A t  e l e v a t e d  t e m p e r a t u r e s  
a noncombust ible  t a p e  s h o u l d  be u s e d .  

H. Vacuum T r a n s f e r  Equipment 

For  remote h a n d l i n g  of v o l a t i l e ,  t o x i c ,  or cryogenic  materials 
which cannot  be c o n v e n i e n t l y  t r a n s f e r e d  i n  a s i m p l e r  manner, a vacuum 
system is c o n s t r u c t e d  ( s e e  F i g .  6 ) .  T h i s  sys tem,  which is s u i t a b l e  
f o r  f l u o r i n e  o x i d i z e r s ,  w a s  used f o r  t e s t i n g  t h e  d e t o n a b i l i t y  of  N,F,. 
A f l u o r i n e  tank  i s  used  for  p a s s i v a t i o n  of t h e  sys tem b e f o r e  t e s t i n g  
high energy  f l u o r i n e  o x i d i z e r s .  The sys tem i s . d e s i g n e d  t o  permi t  isola- / 

t i o n  of t h e  s u p p l y  t a n k  from t h e  d e t o n a t o r  test cup  t o  prevent  p o s s i b l e  
d e t o n a t i o n  through t h e  l i n e s  t o  t h e  main s u p p l y  t a n k .  The l i n e s  are 
f l u s h e d  w i t h  a n  i n e r t  g a s  a f t e r  t h e  t r a n s f e r  is  completed.  The sys tem 
a l s o  c o n t a i n s  a m e a s u r i n g  b o t t l e  of s u f f i c i e n t  volume, when f i l l e d  w i t h  
test m a t e r i a l  a t  a p r e d e t e r m i n e d  p r e s s u r e ,  t o  e x a c t l y  f i l l  t h e  cup  w i t h  
condensed l i q u i d .  

To prepare  t h e  s y s t e m ,  t h e  v a l v e s  and o t h e r  p a r t s  (components are 
d e s c r i b e d  below) are c o m p l e t e l y  d isassembled  and each  i s  c l e a n e d .  De- 
f e c t i v e  g a s k e t s  and  p a r t s  are r e p l a c e d .  I f  t h e  v a l v e s  are t o  be s o l d e r e d  
or welded t o  t h e  t r a n s f e r  l i n e s ,  t h e  g a s k e t s  are l e f t  ou t  of t h e  v a l v e s  
u n t i l  t h i s  o p e r a t i o n  i s  c o m p l e t e .  To remove borax-type f l u x e s  i t  may 
be n e c e s s a r y  t o  s team-c lean  t h e  s o l d e r e d  j o i n t s .  Valves  1 through 6 
( F i g .  6 )  and t h e  s o l e n o i d  operators a r e  assembled and  mounted on a small 
p o r t a b l e  metal  p a n e l ;  enough t u b i n g  ( 1  t o  2 f e e t )  is a t t a c h e d  t o  v a l v e s  
t h a t  l e a d  t o  o t h e r  components ,  t a n k s ,  pumps, and  gauges so t h a t  c o n n e c t i n g  
l i n e s  can  l a t e r  be i n s t a l l e d  on t h e s e  e n d s  wi thout  i n t e r r u p t i n g  t h e  
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valve-panel  system. T h i s  sec t ion  shou ld  be l e a k  t e s t e d  b e f o r e  f i n a l  
assembly a t  t h e  tes t  s i te .  

1 .  Vacuum Equipment Components 

Valves -7 and 1 0 ' ( F i g .  6 )  are Ch lo r ine  I n s t i t u t e  v a l v e s  a v a i l a b l e  t 

from S u p e r i o r  Valve Company, P i t t s b u r g h ,  Pennsy lvan ia  ( F l u o r i n e  C y l i n d e r  

t h e  vendor .  A l l  o t h e r  v a l v e s  are Hoke C a t .  No. 30206-6, w i t h  No. 80065-1 
s o l e n o i d  o p e r a t o r s .  These b a l l  v a l v e s  o p e r a t e  smoothly and  t h u s  may be  
less l i k e l y  t o  i n i t i a t e  a n  e x p l o s i o n  t h a n  would a so l eno id -ope ra t ed  
n e e d l e  va lve .wh ich  o p e r a t e s  more a b r u p t l y .  The vacuum pump i s  a con- 
v q n t i o n a l ,  low-capaci t y .  l a b o r a t o r y  model f i l l e d  wi th  f l u o r o c a r b o n  o i l  
b u t  powered wi th  a 1 h . p .  motor  f o r  e a s y  s t a r t i n g .  A l l  t r a n s f e r  l i n e s  
a r e  coppe r  t u b i n g ,  s i l v e r  s o l d e r e d  t o  v a l v e s  and f i t t i n g s .  The test 
cup assembly i s  1" Schedule  40 p ipe ,  su r rounded  by a can  c o o l e d  w i t h  d r y  
i c e .  

. I \  Valve Ca t .  No. 1 2 1 4 F ) .  Valves 8 and 9 are c o n v e n t i o n a l  a s  s u p p l i e d  by 
I 

9 

, 
B 

\ 

ll 

B 

2 : . O p e r a t i n g  Procedure 

For remote t r a n s f e r  of a tes t  sample from t h e  supp ly  t a n k ,  t h e  
f o l l o w i n g  procedure is  used :  With v a l v e s  1 ,  7 ,  8 ,  and 9 c l o s e d  a n d  
a l l  o t h e r s  opened, e v a c u a t e  system. ' Close a l l  v a l v e s .  Open v a l v e  10. 
Open va lve  7 .  Open va lve  2 .  F i l l  measu r ing  b o t t l e  t o  d e s i r e d  p r e s s u r e  
a s  i n d i c a t e d  on gauge.  Close va lve  2 .  Close v a l v e  7. Open, i n  o r d e r ,  
v a l v e s  1 ,  3, and 7 ;  t h i s  f l u s h e s  t h i s  s e c t i o n  wi th  hel ium and  s e r v e s  
t o  isolate t h e  supp ly  t a n k  from t h e  measu r ing  b o t t l e . ,  Open va lve  4 .  
E s s e n t i a l l y  a l l  of t h e  N2F, or o t h e r  test m a t e r i a l  i n  t h e  measu r ing  
b o t t l e  shou ld  condense i n  t h e  test c u p .  Completeness  of c o n d e n s a t i o n  i s  
judged wi th  t h e  t h e r m i s t o r  and thermocouple l i q u i d  l e v e l  d e t e c t o r  or  
by an a p p r o p r i a t e  p r e s s u r e  d rop  in t h e  system. 
t e s t  cup a c t s  a s  a t r a p .  Should any noncondensables  i n t e r f e r e ,  t h e y  may , 
be removed through t h e  pump by b r i e f l y  open ing  and pumping th rough  va lve  
5.  
C lose  va lve  4 and t h e  cup is ready f o r  t h e  tes t .  

I .  A u x i l i a r y  B r e a t h i n g  A i r  Supply 

In t h i s  o p e r a t i o n  t h e  

The p r e s e t  need'le va lve  p r e v e n t s  s u r g i n g  or s p l a s h i n g  of l i q u i d .  

To test toxic  materials and p r o t e c t .  o p e r a t i n g  p e r s o n n e l  from dangerous 
fumes,  p ro t ec t ion . equ ipmen t  and a n  a u x i l i a r y  a i r  s u p p l y  shou ld  be 
a v a i l a b l e .  P o r t a b l e  s e l f - c o n t a i n e d  a i r  or oxygen b r e a t h i n g  equipment is  
s u g g e s t e d .  . .  

111. FINAL ASSEMBLY 
'I 

The p repa red  cups  and c a p s  c o n t a i n i n g  t h e  d e s i r e d  i n s t r u m e n t  p r o b e s ,  
t r a n s f e r  l i n e s ,  vacuum components,  gauges ,  and  i n s t r u m e n t s  are assembled 
and checked a t  t h e  tes t  s i t e .  The test c u p  and  s h o t  assembly a r e  p o s i -  
t i o n e d  i n  t h e  f i r i n g  chamber t o  m i n i m i z e  damage t o  t h e  l e a d  l i n e s  and 
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a u x i l i a r y  equipment .  For convenience  i n  r e p e a t i n g  s h o t s ,  t h e  c u p s  a r e  
a t t a c h e d  t o  t h e  t r a n s f e r  l i n e s  w i t h  quick-d isconnec t  f i t t i n g s .  

I t  is a d v i s a b l e  t o  s c h e d u l e  a p r e l i m i n a r y  test w i t h  a n  i n e r t  mate- 
r i a l  of very  n e a r l y  t h e  same p h y s i c a l  p r o p e r t i e s  as  t h e  t es t  
m a t e r i a l ,  t o  check t h e  r e l i a b i l i t y  of t h e  equipment and g a i n  e x p e r i e n c e  
i n  o p e r a t i n g  t h e  s y s t e m .  A l s o ,  m a t e r i a l s  of known d e t o n a t i o n  c h a r a c t e r -  1 

ist ics should  be t e s t e d  f o r  comparison.  

I m e n  the  assembled equipment  h a s  been checked ,  t h e  test m a t e r i a l  
supply  t a n k  i s  a t t a c h e d  t o  t h e  vacuum l i n e  and t h e  t r a n s f e r  l i n e s  a r e  
e v a c u a t e d  up t o  t h e  s u p p l y  t a n k  v a l v e .  S i n c e  most of t h e  t r a n s f e r  l i n e s  
are e x t r e m e l y  s m a l l ,  several m i n u t e s  may b e  r e q u i r e d  t o  pump t h e  t r a n s f e r  
system down t o  a d e s i r a b l e  p r e s s u r e  (10  to  50 microns) .  T h i s  t i m e  c a n  
be employed t o  assemble  t h e  d e t o n a t i o n  t r a i n  and D 'Aut r iche  w i t n e s s  p l a t e s  
( i f  u s e d ) .  

The f i r s t  e x p l o s i v e  a t t a c h e d  t o  t h e  equipment  is t h e  D 'Aut r iche  
w i t n e s s  p l a t e  and assembly ,  i f  u s e d .  The MDF p r o b e s  l e a d i n g  from t h e  
cup  must b e  c a r e f u l l y  p o s i t i o n e d  and f i r m l y  h e l d  t o  o b t a i n  maximum 
s e p a r a t i o n ,  t h u s  p r e v e n t i n g  " s h o r t i n g "  of  t h e  shock ' t r a i n  between probes .  
With t h e  w i t n e s s  p l a t e  and  probe assembly  f i r m l y  s e c u r e d  t o  t h e  tes t  
s t a n d ,  t h e  b o o s t e r ,  d e t o n a t o r ,  and Primacord are assembled and t h e  
b o o s t e r  i s  p l a c e d  f l a t  a g a i n s t  t h e  diaphragm on t h e  cup .  The e n t i r e  
assembly i s  h e l d  t o g e t h e r  on t h e  s t a n d  w i t h  adhes ive  tape. I f  t h e  
s h o t  is t o  be h e a t e d ,  noncombust ib le  t a p e s  should  be u s e d .  The electrical  
l e a d s  t o  t h e  i n s t r u m e n t  p a n e l s  are i n s t a l l e d  and checked .  

If i t  is p o s s i b l e  t o  pour t h e  test l i q u i d  i n t o  t h e  d e t o n a t i o n  cup  
( i . e . ,  i f  the  material i s  n o n t o x i c  and t h e  s h o t  is t o  be done above 
ambient  c o n d i t i o n s ) ,  no  vacuum t r a n s f e r  equipment  i s  used .  T h i s  i s  t h e  
procedure  wi th  e t h y l  n i t r a t e  t e s t e d  above ambient  c o n d i t i o n s .  I n  t h i s  
case one o f  t h e  two s ide-arm t u b e s  on t h e  cups  is c l o s e d  w i t h  a q u i c k -  
d i s c o n n e c t  p l u g  a f t e r  t h e  cup  i s  f i l l e d .  The l i q u i d  should  n o t  be 
a l l o w e d  t o  w e t  t h e  p l u g  and q u i c k - d i s c o n n e c t  f i t t i n g s  when they  are 
b e i n g  c l o s e d ,  s i n c e  t h i s  may cause  premature  d e t o n a t i o n .  The second 
t u b e  arm of t h e  cup  s e r v e s  a s  a l e a d  t o  d e t e r m i n e  p r e s s u r e  i n  t h e  sys tem.  

, 

With t h e  s h o t  assembled  and t h e  t r a n s f e r  sys tem e v a c u a t e d ,  t h e  re- 
mote c o n t r o l  v a l v e s  a r e  c l o s e d .  Next, t h e  c o o l a n t  or b a t h  l i q u i d  is 
p l a c e d  around t h e  cup .  T h i s  should  b e  done r e m o t e l y ,  i f  p o s s i b l e .  The 
va lve  on t h e  sample t a n k  is opened t o  al low t h e  g a s  t o  f l o w  t o  t h e  re- 
mote c o n t r o l  v a l v e s  o n l y .  The remainder  of  t h e  t r a n s f e r  o p e r a t i o n  is 
completed a s  o u t l i n e d  p r e v i o u s l y .  W e n  t h i s  is comple te ,  as judged  by 
one or a l l  of t h e  methods used  t o  de termine  the  l i q u i d  level i n  t h e  cup ,  
t h e  s u p p l y  t a n k  is i s o l a t e d  from t h e  s h o t  by i n e r t  gas i n  t h e  t r a n s f e r  
l i n e s  and t h e  s h o t  i s  f i r e d .  

'< 

/ 

p 
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I V .  DETERMINATION OF THE DETONATION VELOCITY 

0 
\ 
B 

3 

A .  D'Autr iche Method 

A f a i l i n g  ( i . e . ,  nonpropagat ing)  d e t o n a t i o n  wave is d e t e c t e d  by a 
d e c e l e r a t i n g  wave v e l o c i t y  r a t h e r  t h a n  by f a i l u r e  of t h e  MDF. The s t r o n g  
shock from t h e  t e t r y l  b o o s t e r  u s u a l l y  i n i t i a t e s  t h e  MDF when t h e  cup  ', 

c o n t a i n s  a n o n d e t o n a t i n g  l i q u i d .  P o s i t i v e  r e s u l t s  a r e  r e p o r t e d  when a 
c o n s t a n t  ve loc i ty 'wave  f r o n t  i s  e s t a b l i s h e d .  
d e t e c t  t r a n s i e n t  changes  i n  d e t o n a t i o n  phenomena b u t  h a s  t h e  advantage  
t h a t  a record  is  o b t a i n e d  on t h e  p l a t e  even  when n o n d e t o n a t i n g  material 
is t e s t e d  i n  t h e  cups .  

, The method does  n o t  r e a d i l y  

Appendix A o u t l i n e s  t h e  procedure  f o r  d e t e r m i n i n g  d e t o n a t i o n  v e l o c i t y  
from d a t a  o b t a i n e d  w i t h  p l a t e s .  R e l i a b i l i t y  i n  c a l c u l a t i n g  d e t o n a t i o n  
v e l o c i t y  is b e l i e v e d  t o  b e  approximate ly  *lo% 

B .  Cont inuous Wire Method 

T h i s  method, de'veloped f o r  s o l i d  cast e x p l o s i v e s ,  is  a d e q u a t e l y  
d e s c r i b e d  i n  t h e  l i t e r a t ~ r e . ~  
p l a c e  t h e  s o l i d  e x p l o s i v e .  T h i s  method h a s  t h e  advantage  of  producing  
a cont inuous  r e c o r d  of shock d i s t u r b a n c e s  i n  t h e  test l i q u i d  b u t  does  
n o t  produce a r e c o r d  when t h e  material does  not  d e t o n a t e .  

The cup  and b o o s t e r  charge  d e s c r i b e d  re- 

V. TEST RESULTS 

The procedure  p r e s e n t e d  i n  t h i s  p a p e r  should  y i e l d  r e s u l t s  b o t h  
r e l i a b l y  and s a f e l y .  Each component and s t e p  h a s  been e v a l u a t e d  by t h e  
a u t h o r s  i n  f r e q u e n t  tes ts  w i t h  NaF4, os&, or Q l k O N Q .  The procedure  
was t h e n  used t o  de termine  t h e  d e t o n a b i l i t y  of  t h e s e  t h r e e  compounds a s  
l i q u i d s .  
n o n d e t o n a b i l i t y  of t h i s  l i q u i d  r h i c h  i s  s t a b l e  o n l y  below - 100'K. 
b . p .  200'K, was t e s t e d  from 195 K t o  213'K (- lo3 t o r r ) .  
w e r e  run  w i t h  t h e  c o n t i n u o u s  w i r e  method; a l l  gave t y p i c a l  n e g a t i v e  
r e s u l t s .  The one t e s t  r u n  w i t h  t h e  e x p l o s i v e  w i t n e s s  showed t h e  shock 
v e l o c i t y  decaying  from a n  i n i t i a l  v a l u e  of - 2.8 mm/Fsec to  a f i n a l  v a l u e  
of - 1 .5  mm/Psec. Again,  t h i s  i s  c h a r a c t e r i s t i c  of  a nonpropagat ing  
shock .  To e v a l u a t e  t h e  test a t  t h e  o t h e r  envi ronmenta l  ex t remes  a hot  
l i q u i d ,  e t h y l  n i t r a t e  ( C Q ~ O N Q J ) ,  w a s  used  a t  h i g h  p r e s s u r e .  Although 
Some d i f f i c u l t y  was e n c o u n t e r e d  because of t h e  tendency of t h e  l i q u i d  
t o  d e t o n a t e  spontaneous ly  above its b o i l i n g  p o i n t ,  f o u r  s u c c e s s f u l  con-. 
t i n u o u s  w i r e  tests were conducted from 9 f  t o  114'C and up to  175 p s i g .  
Each i n d i c a t e d ,  .again w i t h  t y p i c a l  r e c o r d s ,  t h a t  t h e  l i q u i d  i s  d e t o n a b l e .  

The r e s u l t s  f o r  & F a ,  p u b l i s h e d  e l sewhere , '  e s t a b l i s h e d  t h e  
& F 4 ,  / 

S e v e r a l  tes ts  

Although t h e s e  w e r e  t h e  o n l y  s h o t s  conducted w i t h  t h e  e x a c t  procedure  
d e f i n e d  by t h i s  p a p e r ,  many w e r e  r u n  under  c o n d i t i o n s  only  s l i g h t l y  
d i f f e r e n t  ; g e n e r a l l y  t h e s e  a f f e c t e d  s a f e t y  and s i m p l i c i t y  r a t h e r  t h a n  

/ 
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r e l i a b i l i t y .  Details of most of t h e s e  are a v a i l a b l e  t o  t h e  r e a d e r  of 
t h e  p r o j e c t  r e p o r t s  ( q . v . 1  . 6  

a s  d e s c r i b e d ,  r e l i a b l y  d e t e c t  d e t o n a t i o n  a n d ,  e q u a l l y  r e l i a b l y ,  non- 
d e t o n a t i o n . .  Low v e l o c i t y  d e t o n a t i o n s  are probably  i n c l u d e d  i n  t h e  
l a t t e r .  The r e s u l t s  have been proven t o  be independent  of  e i t h e r  
t e m p e r a t u r e  or p r e s s u r e .  For example ,  i n c i d e n t a l  tests demonst ra ted  
t h a t  MDF d e t o n a t e s  w i t h  a v e l o c i t y  i n v a r i a n t  w i t h  t e m p e r a t u r e .  

Impor tan t  c o n c l u s i o n s  are  t h a t  t h e  t e s t s ,  

I n  summary, t h e  a u t h o r s  p r e s e n t  t h e  procedure  d e s c r i b e d  i n  t h i s  , r e p o r t  wi th  conf idence  t h a t ,  i f  u s e d  a s  d e s c r i b e d ,  it w i l l  s e r v e  a s  
a u s e f u l .  worthy supplement  t o  t h e  L i q u i d  P r o p e l l a n t  Tes t  Method N o .  1. 
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. Appendix A 

ADAPTATION OF THE JANAF BOOSTER TEST: DATA REDUCTION 

The e q u a t i o n  f o r  r e d u c i n g  t h e  d a t a  from t h e  w i t n e s s  p l a t e s  is 
d e r i v e d  a s  f ,ol lows.  Assume t h e  f o l l o w i n g :  

1 . .  There i s  a small, f i n i t e ,  b u t  r e p r o d u c i b l e  t i m e  f o r  a 
d e t o n a t i o n  t o  propagate  across e x p l o s i v e  i n t e r f a c e s .  
T h i s  i s  f r e q u e n t l y  r e f e r r e d  t o  as an " i n d u c t i o n  t i m e . "  

2 .  The t i m e  r e q u i r e d  f o r  two d e t o n a t i o l s  o r i g i n a t i n g  a t  a 
common p o i n t  and meet ing  a t  a p o i n t  x is t h e  same for 
two c o r r e s p o n d i n g  p a t h s .  

3 .  The d e t o n a t i o n  v e l o c i t y  of e x p l o s i v e s  is a r e p r o d u c i b l e  
f u n c t i o n  of environment . .  

The nomenclature  used i n  t h e  e q u a t i o n  i s  a s  f o l l o w s :  

P = l e n g t h s  of MDF; t h e  s u b s c r i p t  d e n o t e s  t h e  p a r t i c u l a r  branch 

Fb = l e n g t h  of MDF from t e t r y l  b o o s t e r  t h a n  i n i t i a t e s  t h e  
e x p l o s i v e  on w i t n e s s  p l a t e  

V = d e t o n a t i o n  v e l o c i t y  of any P w i t h  c o r r e s p o n d i n g  s u b s c r i p t  

Vs = 

V = d e t o n a t l o n  v e l o c l t y  of s t a n d a r d  e x p l o s i v e  used  

wave v e l o c i t y  w i t h i n  sample 

W 

L = d i s t a n c e  between opposing p o i n t s  of i n l t i a t i o n  f o r  e a c h  
s h e e t  e x p l o s i v e  f i n g e r  

x = ' p o i n t  a t  which d e t o n a t i o n s  meet ;  measured from MDF 

d s '  = d i s t a n c e s  between MDF on sample cup  

dw' = d i s t a n c e s  between c o r r e s p o n d i n g  s t r i p s  of e x p l o s i v e  on 
w i t n e s s  p l a t e  

d s  = d i s t a n c e  from t e t r y l  pellet f o r  f i r s t  MDF 

dw = d i s t a n c e  from t h e  s t a r t  t o  s t r i p  1 on w i t n e s s  p l a t e  

k,T( = small, unknown, b u t  r e p r o d u c i b l e  d e l a y  or i n d u c t i o n  t i m e s  
i n  t r a n s i t i o n  from cup t o  MDF and MDF to  EL-506-D 
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The time r e q u i r e d  f o r  t h e  d e t o n a t i o n  t o  t r a v e l  f r a n  t h e  t e t r y l  
th rough t h e  sample c u p ,  t h e  f i r s t  " f i n g e r "  of MDF and t o  p o i n t  x1 i n  
t h e  s h e e t  e x p l o s i v e  is: 

ds 
tl = - + P + % + T I + L  

vS Vl vw 
(A-1) 

The t i m e  r e q u i r e d  f o r  t h e  d e t o n a t i o n  t o  t r a v e l  f r o m . t h e  t e t r y l  through 
t h e  "s tar t"  branch  of t h e  MDF and t o  x1 through t h e  s h e e t  e x p l o s i v e  
from t h e  o p p o s i t e  d i r e c t i o n  is: 

dw L - xL t , '  = 3 L  +I) + - + 
b "W vW 

E q u a t i n g  (A-1) and  (A-2) and r e a r r a n g i n g  terms: 

(A-2) 

(A-3)  

S i m i l a r l y ,  by e q u a t i n g  t h e  times of t r a v e l  f rom t h e  t e t r y l  t o  p o i n t  
i n  t h e  second f i n g e r  of s h e e t  e x p l o s i v e :  

(A-4) 

S u b t r a c t i n g  (A-3) from (A-4)  and n o t i n g  t h a t  5 = 9 and VI = Va 

, 
(A-5)  

Vs, d s ' ,  and  dw' are c o n d i t i o n s  of t h e  ,exper iment ;  x1 and Q are  
measured;  t h e r e f o r e  Vs can be c a l c u l a t e d .  
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F i g .  2 Typical Witness Plate  
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